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THE TENSION AT THE SURFACE OF MARINE EGGS, 
ESPECIALLY THOSE OF THE SEA URCHIN, 
ARBACIA 


E. NEWTON HARVEY 


(From the Marine Biological Laboratory, Woods Hole, Mass., and the 
Physiological Laboratory, Princeton University) 


Biologists frequently speak of the surface tension of cells, com- 
paring their form, movements and division to phenomena connected 
with surface tension at oil-water interfaces. It seems unlikely that 
the tension is a true surface tension between non-misceable fluids, but 
the behavior of deformed spherical cells shows very clearly that a 
surface force exists which can best be referred to as the “tension at 
the surface” without implying either elastic tension or surface tension. 
Estimates of its magnitude have been made in different ways and until 
recently the values obtained have been relatively high, from 10 to 50 
dynes per centimeter. I believe the tension is very much smaller than 
this in many cells. 

In a recent paper (1931) I have described an approximation method 
for determining the tension at the surface of an unfertilized egg in sea 
water, from the centrifugal force necessary to pull the egg apart. In 
the worm, Cheiopterus pergamentaceus, the forces necessary are small 
and the whole process can be observed and photographed in the micro- 
scope-centrifuge (Harvey and Loomis, 1930), whose maximum speed is 
4000 R.P.M. The value obtained for Chetopterus was about one dyne 
per centimeter, which represents the maximum value, since all the as- 
sumptions made were such as to give a maximum. The true value is 
probably considerably less than this, but the fact that the surface forces 
are so low is a point of great interest. 

The method does not allow us to decide whether this force is a true 
surface tension at a liquid-liquid interface or the elastic tension of a 
membrane, because we cannot tell whether or not the strain is inde- 
pendent of the stress. Micro-dissection studies (Chambers, 1921) in- 
dicate that the surface of marine eggs is surrounded by an actual con- 
sistent film variously spoken of as the “ pellicle” or vitelline membrane, 
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which lifts off and hardens to form the fertilization membrane of Ar- 
bacia eggs. Since a thin elastic film will take the same configuration 
under distortion as a surface showing true surface tension, and since 
the pellicle in the egg becomes discontinuous at the time of cell division 
or when the egg is fragmented by centrifuging, we may regard such a 
film as having the properties of a true surface (except for the relation 
between stress and strain), and on this basis calculate its tension by 
methods which at least give order of magnitude and a maximum value. 

The argument for the Arbacia egg is somewhat different from that 
used in the case of Chetopterus, because Arbacia pulls apart in a quite 
different manner. In Chetopterus in sea water an oil spherule pulls 
away from the rest of the egg at 4000 R.P.M. (11 cm. radius), re- 
maining attached to the egg by a long stalk pulled out to many times 
the diameter. The picture is the same if the eggs are suspended in a 
- sugar solution of the same density or of greater density, when the eggs 
float. In the latter case a yolk spherule is pulled away from the re- 
mainder of the egg, again with a long connecting’ stalk. 

Unfertilized eggs of the sea urchin, Arbacia punctulata, cannot be 
rapidly pulled apart with this force but, at about 7000 R.P.M. (same 
radius), if suspended in a medium of the same density as the egg, they 
elongate, form dumb-bell shapes and in 4 minutes separate into a lighter 
and a heavier half of nearly the same size. The egg may be regarded 
as a sphere pulled into a cylinder with rounded ends by the buoyant 
force of the oil and the weight of the heavier yolk mass. In this process 
the surface area increases about 25 per cent. 

It is well known that a cylinder of fluid becomes an unstable form 
when its length exceeds its circumference (277), i.e., when its length is 
about three times its diameter (Lord Rayleigh, 1879). Under these 
circumstances it will divide into two. The surface tension (o) around 
the circumference should then just balance the forces pulling the 
cylinder apart, o2mr = forces stretching cylinder. 

If we regard the egg as a sphere non-misceable with sea water, we 
can calculate its circumference when drawn into a cylinder with hem- 
ispherical ends whose length is r times its diameter. The breaking up 
into two spheres of such a form will only be delayed because of the 
viscosity of the sphere. 

We wish to know the radius of a cylinder of height, 4, with hem- 
ispheres at each end of radius, r, in which h + 2r==2zr and whose 
volume equals that of a sphere, the Arbacia egg, of diameter, d. 


Hence, ar*h +- 4/3ar® = 4/39(d/2)* 

But, = a2r —2r 

Substituting, «r?(«2r — 2r) + 4/3ar® =4/39(d/2)* 
or 2n*r*® — 2ar® + 4/3ar*® =4/39(d/2)*. 





SURFACE TENSION OF MARINE EGGS 


Since the average diameter of an Arbacia egg is 74», 


17.65r* = 212000 p* 
r =23.0p. 


The forces pulling the egg apart are due to the weight of the heavy 
fragment (H) and the buoyancy of the light fragment (L), which can 
be determined from the volume of the fragments (V), their densities 
(p), and the density of the medium (py) which is equal to the density 
of the whole egg since the eggs are centrifuged in a medium of equal 
density. 

Force (in dynes) =Vy (p7—pmu) +V 1 (pm—px) X 980 X C, 
where C = centrifugal force in terms of gravity. 

Since the egg pulls into approximately equal parts, the density of the 
light fragment must be as much less than the medium as the density of 
the heavy fragment is greater than the medium.’ If Vg is the volume . 
of the egg, the whole relation therefore becomes : 


2nra=V g (pm —px)980 X C. (1) 


It is only necessary to know the diameter of an egg, the density of 
the medium and that of the light fragment and the centrifugal force to 
divide the eggs. 

The diameter of the Arbacia egg (74u) gives a volume (Vz) of 


2.12 x 10° cm.* To get the density of the eggs (without jelly) they 
must be suspended in a medium of the same osmotic pressure as well 
as the same density. Lucké has found that cane sugar of .95 moial 
concentration (342 grams cane sugar added to 1 liter water) causes 
neither swelling nor shrinking of Arbacia eggs.? I find that when cen- 
trifuged in one part of sea water and 3 parts of .95 M cane sugar, some 


1Dr. Balduin Lucké, in the course of some experiments on the osmotic prop- 
erties of yolk and clear halves, has measured the volumes in cubic micra and com- 
pared the sum of these volumes with the volume of the original egg. Each figure 
is the mean of 50 cells and must be multiplied by 100. 





Control egg Colorless half Yolk half 
A B Cc 


The yolk half is somewhat smaller than the colorless half, averaging around 
11 per cent smaller. 


2 Private communication. See also Lucké, 1931. Biol. Buil., 60: 75. 
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lots of eggs float, most sink and some remain suspended even under 
high centrifugal forces. This mixture has a density of 1.081 at 23° C.3 
In one part sea water and four parts .95 M cane sugar the eggs of most 
females float; others sink very slowly. Its density is 1.085 at 23° C. 
We may consider the density of the medium (py) and the egg to be 
1.083. I believe Heilbrunn’s (1926) value of 1.0485 (12.5 per cent 
sugar) and 1.0656 (16.5 per cent sugar) for different lots of eggs are 
too low, because he suspended the eggs in pure sugar solutions which 
were hypotonic and volume changes must have occurred. However, 
the density of different lots of eggs does vary considerably. Eggs with 
jelly have a density of about 1.090, whereas without jelly the density is 
about 1.083 to 1.084. 

To obtain the density of the light fragments (p,), the eggs (without 
jelly) are centrifuged in the sugar-sea water mixture of the same density 
and the light fragments transferred to other mixtures of sugar and sea 
water. They mostly float in 10 parts of sea water to 20 parts .95 M 
sugar, whose density is 1.076, whereas they all sink in 12 parts sea 
water to 20 parts .95 M sugar, whose density is 1.073. We may there- 
fore consider their density to be 1.075 and py —p , = .008. 

The sugar-sea water mixture of the same density as the egg is not 
toxic. Although eggs will not fertilize in the sugar solution, they can 
be fertilized and develop normally when removed to sea water after an 
immersion of five hours. 

In determining the centrifugal force the time factor is an important 
consideration. Part of the time is involved in the separation of gran- 
ules of different density within the eggs. Only when this happens do 
the stretching forces appear. Part of the time is connected with the 
slow pinching of the egg in two. Even when an egg has assumed a 
prolate spheroid shape, recovery of the spherical form is very slow, a 
matter of many minutes. Dumb-bell-shaped eggs do not pinch in two 
after the centrifugal force is removed but remain dumb-bells for many 
minutes, gradually becoming spherical again (after 40 minutes). There 
is also considerable variation in the ease with which eggs can be pulled 
apart. Eggs from some females fragment at 122 r.p.s. in 4 minutes, 
others do not but will fragment in 12 minutes. Eggs which fragment 
in 4 minutes at 122 r.p.s. are not pulled apart in 4 minutes at 112 r.p.s., 
but fragment in 12 minutes. The same eggs centrifuged for 20 minutes 
at 100 r.p.s. do not fragment but do in 24 minutes. The eggs of some 
females pulled apart at 60 r.p.s. in 30 minutes, but not at 50 r.p.s. in 90 
minutes. 


8 Densities were determined with a hydrometer calibrated for 15° C./15° C., 
reading to the third decimal place. The temperature correction will be small. 
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If eggs which have been pulled into dumb-bell form at 120 r.p.s. are 
observed in the microscope centrifuge at 60 r.p.s., a few pull apart into 
two spheres. The connecting strand between the spheres does not be- 
come long and fine as in the pulling off of an oil spherule in Chetop- 
terus, but the break can be observed to occur when the length is about 
three times the diameter of the resultant half egg. 

Since the centrifugal force (C) in terms of gravity is given by 
C = .443n*, for 11 cm. radius, where n= revolutions per second, C is 
6380 for 120, 5560 for 112, 4430 for 100, and 1595 for 60 r.p.s. 

Selecting a speed of 60 r.p.s., and inserting in (1), we have: 


" 2 3 8 
oun ee See == 19 dynes per cm. 


The result is very much lower than the 10 to 25 dynes per centimeter 
observed by Vlés (1926) for the egg of another sea urchin, probably 
Paracentrotus. 

Should the eggs rest on a surface so that only the buoyant force of 
the light half is operative, the value will be about one-half of the above. 
The stretching forces must act against not only a tension at the surface, 
but viscous forces of the egg as well, which again will lower the figure. 
Finally, the calculation is based on the view that the tension is a true 
surface tension. If the elastic tension of a pellicle is involved, we are 
observing its breaking strength and its tension must be considerably 
less for a given stretch. It must be emphasized that 0.2 dyne per 
centimeter is not a very accurate value, but a maximum one, and again 
illustrates the very low tension at the surface of eggs presumably sur- 
rounded with a pellicle. The question arises as how general this order 
of magnitude is for other marine eggs. 

Dr. H. K. Hartline has pointed out to me that fluid spheres from 
which a small oil spherule is drawn out should become unstable when 
the neck connecting oil spherule with the sphere has the same diameter 
as the spherule. The spherule will then pinch off as a separate drop. 
In this case the surface tension around the circumference of the oil 
spherule should counterbalance the buoyant force of the oil. In the 
case of Chetopterus eggs, the separation of the oil spherule occurs only 
after a long stalk has been pulled out and the buoyant force of the oil 
was regarded as counterbalancing the tension around the circumference 
of the stalk, 9» in diameter (Harvey, 1931). If the circumference of 
the oil spherule is considered, 34 » in diameter, the value for the tension 
at the egg surface comes out about one-quarter of 1.32 dynes, or .33 
dynes per centimeter. 
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Similar reasoning applied to the fertilized egg of the mollusk, Jily- 
anassa obsoleta, in which the oil can be observed to pull off as with 
Chetopterus in the microscope centrifuge, gives a value of 1.1 dynes 
per centimeter. 

The eggs of the mollusk, Cumingia tellinoides, in sea water behave 
differently. They pull out into long cylinders 5 to 8 times their width, 
when the oil separates as a spherule which floats to the surface. Other 
clear spherules may separate also. The oil spherules are about 25 » in 
diameter while the original egg is some 62, in diameter. If we as- 
sume that unstable conditions appear when the egg is pulled out to a 
cylinder whose diameter equals that of the oil spherule, we can calculate 
roughly the tension at the surface as follows : 


ond =Vo(pw—po) X9 XC, 


where o tension at surface, d= diameter of oil spherule, p.. —=den- 
sity sea water, 1.025, p. = density of oil, C centrifugal force in terms 
of gravity, g, and V,= volume of the oil. Assuming the density of 
the oil to be .925 and observing that these eggs pull apart in 8 minutes 
at 122 r.p.s. (11 cm. radius), we have 


78.5 X 10-*o = 6.42 & 10°°(1.025 — .925) x 10* X 6.6 X 10° 


o = .54 dynes per centimeter. 


Again the tension at the surface comes out a low value. 

The unfertilized egg of the worm, Nereis, possesses a definite mem- 
brane. Its granules cannot be stratified by easily attainable centrifugal 
forces. However, the fertilized egg of Nereis can be stratified but can- 
not be fragmented, even at 17000 times gravity, although a slight 
tendency to elongate occurs. The membrane of Nereis is very strong. 
Calculations from the amount of oil (assuming its density = .925) 
present in the Nereis egg indicate that the tension to withstand 17000 
times gravity must be considerably greater than 24 times that of the 
egg of Chetopterus. 


SUMMARY 


Calculations from the centrifugal force necessary to pull an Arbacia 
egg into two nearly equal parts, a yolk half and a clear half, indicate 
that the tension at the surface for 25 per cent increase in area is less 
than 0.2 dyne per cm., with considerable variation in different eggs. 

Similar calculations based on the force necessary to pull an oil 
spherule away from the remainder of the egg give maximum values of 
0.33 dynes per centimeter for Chaetopterus, 1.1 dynes per centimeter 
for Jllynassa and 0.54 dyne per centimeter for Cumingia. 
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THE THEORY OF MITOGENETIC RADIATION 


G. WELLFORD TAYLOR AND E. NEWTON HARVEY 


(From the Physiological Laboratory, Princeton University) 
INTRODUCTION 


It has long been supposed that nuclear and cell. division may be af- 
fected by external as well as internal factors. While it is true that 
increase in temperature will accelerate division rate and many means 
are known to retard or prevent cell division, the evidence that mitosis, 
except in the case of special tissues, can be initiated or accelerated by 
definite compounds or by any means (except heat) is far from con- 
vincing. This is particularly true in the case of mitogenetic rays of 
Gurwitsch (1923), rays given off by cells or cell extracts that will in- 
duce division in another cell. 

This theory, which has many opponents as well as advocates, is set 
forth at some length in Gurwitsch’s monograph (1926) and an article 
in Protoplasma (1929), recently reviewed by Hollaender and Schoeffel 
(1931). It is based upon the following observations: if an onion root 
is placed vertically so that the meristematic area is perpendicular to a 
second, horizontally placed, root, at a distance of not more than 4 cm., 
and left in this position for at least 20 minutes, then, when sections are 
made of the first root, it can be seen on counting the number of dividing 
cells in the two halves of this root that cell division was markedly stimu- 
lated in the area exposed to the second root. The induced increase in 
cell division in such an experiment may be as great as 80 per cent. The 
area affected is always small, extending rarely for more than 50 micra. 
This mitogenetic effect is equally as pronounced whether the roots are 
in air or in water during the induction; the effect is not markedly 
lessened by the interposition of a sheet of quartz between the “ sender ” 
and “ detector” roots, but is completely obliterated if a sheet of glass 
is placed between the two roots. The further observation that this 
mitogenetic influence, besides being propagated in a rectilinear manner, 
was capable of regular rectilinear reflection led Gurwitsch and Frank 
(1927) to conclude that this influence, or M-ray, was in nature identical 
with ultra-violet light. By comparing the induction effect of one root 
on another with the mitogenetic effects of ultra-violet light of varying 
wave lengths on a similar root, a wave length of 1900-2300 angstroms 
has been ascribed to the M-ray. This conclusion was influenced to some 
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extent by the observations of Rawin (1924), who has shown that, while 
the M-rays are effective in inducing cell division for a distance of very 
nearly 4 cm., they can only penetrate glass for a distance of 50 micra 
before being completely absorbed. 

Reiter and Gabor (1928), in a long series of similar studies on the 
reflection, refraction, diffraction, and absorption of the mitogenetic 
rays, find that they show the same properties in respect to these phe- 
nomena as ultra-violet light with a wave length of 3300 to 3400 ang- 
stroms, with a second maximum at 2800 A°. 

Frank (1929) ascribes this difference in the assigned wave length 
of the M-rays to the two sets of workers having used different inten- 
sities of ultra-violet light in making their comparative studies. In spite 
of their difference of opinion over the wave length of the M-rays, they 
all agree that they are identical with ultra-violet light. 

The experiments of Gurwitsch received almost immediate confirma- 
tion by a group of Russian workers and somewhat later by a smaller 
group of non-Russian workers. These have extended the known 
sources of mitogenetic rays until it includes the following tissues: root 
tips and other embryonic plant structures, Gurwitsch (1923), Gurwitsch, 
A., and N. (1924), Rawin (1924), Frank and Salkind (1926), Wagner 
(1927), Baron (1926), Reiter and Gabor (1928), Borodin (1930), 
Stempell (1929), Hollaender and Schoeffel (1931) ; potato leptom, Kis- 
liak Stratkewitsch (1927) ; twenty-four-hour-old sterile beet pulp, Anna 
Gurwitsch, as quoted by Gurwitsch (1929) ; tadpole heads, Gurwitsch, 
A,, and L. (1925), Rusinoff (1925), Reiter and Gabor (1928) ; brain 
of young tadpole, Anikin (1926) ; bacteria, J. and M. Magrou (1927, 
1928), J. and M. Magrou and Choucroun (1929), Baron (1926, 1928), 
Borodin (1930) ; yeast, Baron (1926), Gurwitsch (1926, 1929), Reiter 
and Gabor (1928), Borodin (1930), Hollaender and Schoeffel (1931) ; 
sea urchin eggs, Frank and Salkind (1927), Salkind (1929), Frank and 
Kurepina (1930) ; animal half of amphibian morula, Anikin (1926) ; 
yolk of chicken egg, Sorin (1928) ; corneal epithelium of starved rats, 
triton, and frog, Gurwitsch, L., and Anikin (1928) ; contracting muscle, 
Siebert (1928), Frank and Popoff (1929) ; isolated frog heart, Salkind, 
Potozky, and Zoglina (1930) ; Jenson sarcoma,.Siebert (1928) ; malig- 
nant tumors, Reiter and Gabor (1928), Hollaender and Schoeffel 
(1931) ; bone marrow, spleen and lymph glands of young rats, Suss- 
monowitsch, quoted from Gurwitsch (1929) ; confirmed for bone mar- 
row by Siebert (1928) ; active isolated nerves, Wassiliew, Frank, and 
Goldenberg (1931); reabsorption processes accompanying amphibian 
metamorphosis, Blacher (1930), Blacher and Bromley (1930), Blacher 
and Holzmann (1930), Bromley (1930) and Holzmann (1930) ; both 
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normal and hemolysed blood of frog and rat, Gurwitsch, A. and L. 
(1926), and Sorin (1926) ; blood and urine of healthy persons, Siebert, 
W. W. (1930), Gurwitsch, A. and L. (1928), Hollaender and Schoefiel 
(1931), Gesenius, H. (1930), Potozky and Zoglina (1928). 

The M-rays are thought to take their origin in some oxidative re- 
action connected with normal metabolic processes of the tissue emitting 
the ray and not necessarily to cell division. Frank and Popoff (1929) 
attribute the rays emanating from muscular contraction to the explosive 
decomposition of glycogen to lactic acid, while Siebert (1928) thinks 
they originate in the oxidation of lactic acid. The latter to prove his 
point has constructed several chemical models, oxidative reactions in 
test-tubes, which imitate the radiating properties of living tissues. 

Gurwitsch (1924, 1925), however, attributes the origin of the rays 
to an enzymatic reaction similar to the oxidation of luciferin by lu- 
ciferase. In the latter reaction visible light is emitted, while in the 
former there is an emission of ultra-violet-like M-rays. To prove his 
point, Gurwitsch has succeeded in extracting from a pulp of onion roots, 
by following the procedure of Dubois, two substances which are sep- 
arately inactive, but which on being mixed will emit M-rays for as long 
as an hour. He calls one of these substances “ mitotin,” and the other, 
which he thinks an enzyme, “ mitotase.” 

So far the proof of the existence of a mitogenetic radiation has been 
entirely physiological and rests upon the ability of the rays to induce an 
increased cell division in the meristem of onion roots, in yeast and bac- 
terial cultures, eggs and other tissues with by far the greater emphasis 
being placed on the onion root as a detector of the radiation. 

The Gurwitsch school claims that normally there is a radial sym- 
metry in the distribution of mitoses in an onion root, and that there is 
never in a normal root a deviation of more than 10 per cent from this 
symmetry. 

The chief proof of the existence of the mitogenetic radiation is its 
ability to destroy this symmetry by increasing by 20 to 80 per cent the 
number of dividing cells in the area exposed to the radiation. 

A good many of the workers on these rays have been content to ac- 
cept the assertion of the Gurwitsch school as to the existence of this 
symmetry (e.g., Borodin, 1930) and rather than undertake the laborious 
and extremely tedious task of counting the dividing cells in normal 
roots in addition to making the necessary counts for their experimental 
roots, have been publishing the results of experiments that were very 
inadequately controlled. With these workers any variation from the 
“normal” symmetry that was greater than 10 per cent was all too apt 
to be regarded as being evidence of a mitogenetic influence. 
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Obviously as soon as any doubts are cast upon the actuality or uni- 
versality of this radial symmetry the mass of evidence based entirely on 
the existence of such a symmetry becomes questionable. Such is the 
case at present, for in the recent work of Schwarz (1928), Rossmann 
(1928), and von Guttenberg (1928, a and b), the existence of such a 
symmetry as claimed by the Gurwitsch school is emphatically denied. 

Schwarz in eight experiments in which he used onion roots as 
sources as well as detectors of the M-rays obtained positive results of 
15.6 per cent, 12 per cent, and 0.8 per cent respectively in 3, and nega- 
tive effects of 2.2 per cent, 5.4 per cent, 5.5 per cent, 17.7 per cent, and 
22.7 per cent in the other five experiments. 

Rossmann and von Guttenberg in studying normal unexposed roots 
found a variation from symmetry as high as 32 per cent in onion roots, 
and 38 per cent in pea roots. In a large number of experiments they 
were unable to obtain a mitogenetic effect greater than this variation 
which they found in their normal untreated roots. 

Gurwitsch (1928, a and b), in his reply to the criticism of the above 
workers, reaffirms his conclusion that normally there is no more than 
10 per cent variation. He criticises the technique of Rossmann in his 
focussing of the sender root on the detector root, and in his handling 
of the roots after treatment. 

It is of significance that Wagner (1927) was only able to obtain a 
mitogenetic effect from exposing one onion root to another when the 
detector root contained relatively few dividing cells. With these small 
numbers even a slight difference when expressed as a percentage dif- 
ference would seem large. 

Additional negative evidence has been offered by Choucroun (1930), 
Urbanowicz (1927), and Rossmann (1928-29). Choucroun was un- 
able to duplicate in later experiments the results obtained by J. and M. 
Magrou and himself in the work referred to above (1929). He con- 
cludes that the abnormalities appearing in sea urchin eggs on exposure 
to a bacterial culture, and formerly attributed to a mitogenetic radia- 
tion from the bacteria, were due to an actual passage of some substance 
from the culture to the dishes containing the eggs. No effect could be 
obtained when the vessels containing the eggs were tightly sealed. 
Urbanowicz could not increase the rate of division in Paramecium by 
exposing them to onion roots. Rossmann, in answer to Gurwitsch's 
criticism of his earlier work, performed 47 experiments in which yeast 
and onion roots were used both as senders and detectors of the M-rays. 
In only one of the 47 experiments did he obtain a positive effect. 

The lack of agreement between the Gurwitsch school on the one 
hand and Schwarz, Rossmann, and von Guttenberg on the other as to 
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the symmetry of the onion root, and the rather inconclusive experiments 
of Wagner led us to study the distribution of dividing cells in the 
meristem of several onion roots which had not been exposed to any 
supposed source of a mitogenetic radiation. 


EXPERIMENTAL 


The roots, grown in the laboratory to a length of 2-10 millimeters, 
were fixed in Bouin’s as modified by McClung. Cross-sections were 
made 7-12 micra in thickness. They were stained with iron hema- 
toxylin. Only those series that had been cut symmetrically were used. 
This was to insure that any asymmetry observed could not be attributed 
to an asymmetrically cut section. 

In making our counts the number of cells in each quadrant of the 
section was counted separately, then by adding the numbers obtained in 
two adjacent quadrants one-half of each section could be compared with 
the other, thus making it possible to compare the distribution of mitoses 
on the two sides of each of two diameters for each section of the root. 
A cell was considered to be in mitosis from the earliest recognizable 
spireme stage until the two daughter cells had been completely sep- 
arated. In the following tables the halves 1 + 2 are compared with 
3+ 4, and 1+ 4 with 2+ 3, the location of the quadrants on the 
section being indicated in the small circle at the top of the table by 
the numbers 1, 2, 3, and 4. 

Table I shows the distribution of dividing cells as noted in one root, 
counted for 33 sections in the center of the meristematic area. When 
the halves 1 + 2 and 3 + 4 are compared there is a maximal variation 
of 31 per cent in one direction and 27 per cent in the other. Nineteen 
out of the 33 sections counted showed a variation of more than 10 per 
cent. When the halves 1 +4 and 2+ 3 are compared 14 of the 33 
sections show an asymmetry of more than 10 per cent. The maximal 
variation is 14 per cent in one direction and 31 per cent in the other. 

A second root counted for only 12 sections, in the center of the 
dividing area, was just as asymmetrical as the first. Thinking that this 
asymmetry might have been due to an asymmetrical exposure of the 
growing root to light, a root that had been grown in complete darkness 
was counted. 

Table II shows the distribution of mitoses as noted in this root that 
had been grown in absolute darkness. It was just as asymmetrical for 
the 21 sections counted as either of the other two. When the halves 
1 + 2 and 3 + 4 are compared 9 sections vary from symmetry by more 
than 10 per cent, the maximal variation being 24 per cent in one direc- 
tion and 28 per cent in the other. When the halves 1 + 4 and 2 + 3 
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are compared 12 sections are more than 10 per cent asymmetrical, the 
maximal variation being 5 per cent in one direction and 54 per cent in 
the other. If sections containing only a few dividing cells, as at either 
end of the meristematic area, are included the percentage differences may 
be even higher. 

On the basis of the observed asymmetry in normal onion roots by 
Rossmann, von Guttenberg, and ourselves we cannot help but agree with 
the first-mentioned workers and with Schwarz, that the existence of a 


TABLE I 


Series 38, sections cut 12 micra. 


No. Mitoses Mitoses | Mitoses Diff 


Diff. 


Mitoses iff. Diff. . 
half 1, 2 half 3, 4 half 1,4 | half 2,3 


per cent 
107 94 95 106 — 10 
143 130 152 121 20 
100 118 117 101 10 
96 137 109 124 12 
125 106 124 107 13 
80 90 88 2 
119 173 119 130 9 
91 77 87 12 
134 115 93 19 
120 94 109 os 
99 116 97 16 
157 126 123 2 
98 d 134 112 16 
86 86 87 — 1 
91 113 80 k 29 
75 82 71 
95 97 102 
116 108 
89 103 79 
100 114 
134 130 
117 111 
126 128 
123 112 
119 129 
152 144 
138 95 
104 108 
133 128 
117 131 
128 124 
129 130 
162 
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mitogenetic radiation cannot be considered proved from the work done 
on onion roots. 

Since it has been agreed that the M-rays are identical with ultra- 
violet light of a wave length of either 1900-2300 A° (Gurwitsch) or 
3400 A° and 2800 A° (Reiter and Gabor), the rays should be able to 
affect a photograph plate, regardless of their intensity, if a long enough 
exposure was given, for the photographic plate is able to summate suc- 


Taste II 


Series 152, sections cut 7 micra. 





No. : . . : 
Diihoses Mitoses . . Mitoses | Mitoses 


z : . : Diff. 
half 1,2 | balf 3,4 half 1,4 | half 2,3 





per cent 
70 74 — § 
35 16 54 
33 22 33 
41 31 24 
38 34 10 
57 44 3 23 
42 34 19 
46 48 4 
55 55 0 
51 46 10 
66 68 3 
67 70 : 4 
67 67 0 0 
92 73 21 
86 68 21 
70 58 17 
81 65 20 
73 54 26 
95 72 14 
68 44 35 
106 102 + 


59 74 
60 22 
61 32 
62 41 
63 35 
64 52 
65 40 
66 43 
67 56 
68 53 
69 72 
70 76 
71 78 
72 85 
73 81 
74 66 
75 75 
76 66 
77 80 
78 55 
79 94 
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cessive small amounts of light striking it. But although practically 
every worker in this field has tried to get such a photographic effect, all 
have failed in their attempts with the exception of Reiter and Gabor 
(1928) and these two workers suggest quite candidly that their results 
should be confirmed. 

In an effort to confirm their results, and to establish on a purely 
physical basis the existence of a mitogenetic radiation, and if possible to 
determine more precisely the wave length of the M-ray, we have carried 
out three series of experiments in an attempt to obtain an effect on a 
photographic plate that could be ascribed to a mitogenetic radiation. 
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In the first experiments an effort was made to detect photographically 
an emission of M-rays from growing onion roots. The technical dif- 
ficulties were considerable for the roots had to be kept moist while the 
photographic plate had té be kept absolutely dry to avoid the possibility 
of the so-called Russell effect... Furthermore, while maintaining these 
conditions, the plate had to remain within a few centimeters of the roots 
for a considerable length of time. 

To surmount these difficulties we placed a photographic film (East- 
man Kodak Superspeed) inside of a quartz flask, which was blown espe- 
cially for this work with a flat bottom only 0.2 mm. in thickness,’ cer- 
tainly thin enough not to offer any serious resistance to an ultra-violet 
radiation of 2000-2300 A°. While Schumann plate or film is more 
sensitive in the 2000 A° region (five times as sensitive to the 1850 line 
according to Adam Hilger, Ltd.) than ordinary film, Schumann film is 
notoriously unstable and it is doubtful if it could be used with such long 
exposures as are described later. Spectrograms of the Al spark taken 
with a Hilger quartz spectrograph on Kodak superspeed film (5 seconds) 
show the 1990, 1935, 1862 and 1854 lines although the last two are faint. 
Quartz test-tubes of 1.8 mm. wall thickness passed all the above lines, 
although there was undoubtedly considerable absorption of the last two 
but practically no absorption with 0.2 mm. thick quartz. 

The film was pressed gently against the bottom, emulsion side down, 
with cotton or glass wool packing. The exposure was made by invert- 
ing the flask beneath the growing roots of an onion, the roots being al- 
lowed to grow down toward the flask from a distance of approximately 
three centimeters until they touched the upturned bottom of the flask, 
one half of which had been covered with a cover-glass to serve as con- 
trol. Negatives were exposed in this way to growing onion roots for 
2%, 12%, and 24 hours. When developed, they showed no effects of a 
radiation of any sort. 

These results are quite in keeping with those of other workers who 
have tried exposures of 48 hours’ duration. To increase this exposure- 
time yeast cultures were substituted for the onion roots, Fleishman’s 
yeast being used, and no attempt made to keep the culture pure. 

1 The effect which various substances such as metals, cod liver oil, gelatin, 
gutta percha, celluloid, collodion, and certain vapors, etc., may exert upon a 
photographic plate through their oxygen-absorbing capacity. Hydrogen peroxide, 
one part in one million of water, will influence a photographic plate in eighteen 
hours. See Russell, W. J. (Proc. Roy. Soc., London, 1899, 64: 409-419, and Pho- 


tograph. Jour., 1899, 23: 91-97), and Kugelmass and McQuarrie (Science, 1925, 
62: 87-88). 

_ * Engineers of the General Electric Company estimate that quartz of this 
thickness will transmit 75 per cent of the ultra-violet light of 2000 angstroms wave 
length striking it. (Personal communication.) 

8 Which Rawin (1924) has found to be impenetrable to the M-rays. 
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For some of the experiments with yeast as a source of radiation, the 
quartz flask described above was used, the yeast culture being placed in 
the flask, and the flask being placed over a piece of cut film, one half of 
the area under the flask being covered with black paper to serve as a con- 
trol. Care was always taken that the flask should not press directly 
against that area of the negative being exposed. 

Exposures were made in this way for 13, 100, and 144 hours without 
affecting the exposed negative in any way. Microscopic examination of 
the yeast culture following, and during, each of the above exposures 
showed that in the medium used, Pasteur’s with sugar, the budding 
activities of the yeast had just about stopped at the end of the five days, 
but that up to that time, budding plants in the culture were very nu- 
merous. 

To obtain a still longer exposure to an actively budding yeast colony, 
the flask containing the culture was arranged as before over a negative, 
but this time the culture medium in the flask was renewed at intervals of 
from 2-3 days. This was done by merely pouring out the old medium 
and pouring in the new, enough yeast adhering to the flask to insure the 
proper inoculation of the new medium. After the solution had been 
changed the flask was returned to its original position over the negative, 
one half of the negative being covered to serve as a control to the other 
half. This experiment was set up in absolute darkness and remained in 
darkness for the whole length of the exposure, including the times when 
the change of culture medium was being effected. 

In this way a negative was obtained that had been exposed to a con- 
stantly fresh and actively budding yeast colony for 15 days (360 hours), 
but even after this long an exposure the negative on being developed 
showed absolutely no effect from a radiation of any sort, in spite of the 
fact that an onion root exposed to such a culture for 20 minutes is sup- 
posed to show a marked mitogenetic effect from the exposure. Frank 
(1929) states that the onion root is 600 times more sensitive than the 
photographic plate. If an onion root can be affected in 20 minutes, a 
plate should be affected in approximately 600 20 minutes or 200 hours. 
In this experiment the plate was exposed for 360 hours. 

The third series of experiments was set up in the following way. A 
series of quartz (1.1 to 1.8 mm. thick) and glass test-tubes, each con- 
taining a strip of cut film and each tightly stoppered to exclude all 
vapors, were partly immersed in bowls containing yeast culture. The 
upper part of each tube extended above the yeast culture so that in addi- 
tion to the control negatives contained in the glass tubes, the upper part 
of each negative in the quartz tubes served as a control to the lower por- 
tion which extended into the yeast culture. The change of culture 
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medium, made at intervals of 2-5 days, was easily and quickly accom- 
plished by merely removing the tubes from the bowls containing the old 
medium and placing them in bowls containing the new. This series was 
set up and remained in complete darkness for the whole time the ex- 
posure was being made. 

The negatives from the quartz tubes with their controls from the 
glass tubes were removed and developed simultaneously at intervals of 
10, 40, 52, 80, and 89 days. But the negatives showed no effects from 
these long exposures to a supposedly potent source of mitogenetic radia- 
tion. A portion of each film used was exposed to light, and on develop- 
ment showed normal blacking, indicating that they were in good con- 
dition. 

Discussion 


If onion roots and yeast gave off a radiation of the nature of ultra- 
violet of an intensity sufficient to exert the potent physiological effects 
attributed to it, we believe that in 89 days it should have affected in a 
noticeable manner a photographic plate exposed to them. In view of 
the fact that such an effect was not obtainable, we cannot help but con- 
clude that these tissues do not give off such a radiation, and that if the 
tissues exert a mitogenetic effect it must be through some agency other 
than the emission of ultra-violet waves. 

These experiments do not, of course, exclude the possibility that 
exposure of cells to minimal amounts of ultra-violet light may stimulate 
cell division. They make it practically certain, however, that budding 
yeast and onion root tips produce no ultra-violet radiation of 2000 A° 
or longer. Indeed, the emission of such a radiation from a living cell 
would be extremely unlikely. Even luminous animals, which produce 
visible radiation, have a spectrum which stops far short of the ultra- 
violet. Experiments with Cypridina luminescence whose spectral 
maximum liés at A==.48 (Coblentz, 1926) show that this light pro- 
duces exactly the same effect on a photographic plate when exposed 
through quartz as when exposed through glass. No difference in den- 
sity after development could be detected between the quartz- and glass- 
protected regions from exposures not long enough to give maximum 
blackening, i.e., care was taken to make the exposure correspond to the 


region of the plate where increased exposure gives increased blackening.* 

No chemical reactions in aqueous media have ever been definitely 
shown to emit ultra-violet light. The alleged effects of this kind 
( Matuschek and Nenning, 1912) have been found to be due to the action 
of vapors (Mathews and Dewey, 1913), an effect against which too 
great precautions cannot be taken. 


* Harvey, E. N., unpublished experiments carried out in 1925. 


20 
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We believe that a root-tip, in which cell division is observed to be far 
from uniform, is unfortunate material to work with. Those who have 
studied yeast know the difficulties of estimating budding under different 
conditions. Indeed, if the division or budding of one cell can affect the 
division, or budding, of another, we should find the growth of organisms 
to increase more rapidly than corresponds to logarithmic increase. Rate 
of cell division should be dependent on volume of suspended organisms. 
No such effect has been recognized. The allelocatalytic phenomenon 
of Robertson has not been generally confirmed by other workers. 
(Richards, O. W., Thesis.) The alleged mitogenetic effect could be due 
to insufficient control of experimental material, primarily difficult to 
work with. For this reason and in view of the alleged effects from 
material containing no dividing cells, hemolysed blood, contracting 
muscle, conducting nerves, etc., we are inclined to place them in the same 
category as the famous n-ray ° of Blondlot (1903), shown to be a purely 
subjective phenomenon by Wood (1904) and Gehrcke (1905). 


CONCLUSIONS 


1. Evidence is offered to show that the onion root as a detector of 
the mitogenetic rays cannot be relied on, since in normal roots, unexposed 
to any supposed source of mitogenetic radiation, there may still be a 
variation in the number of dividing cells in the two halves of a root as 
high as 50 per cent. 

2. Exposure of a photographic plate to growing onion roots through 
.2 mm. quartz for 48 hours failed to detect a mitogenetic radiation. 

3. Exposure of photographic negatives to an actively growing and 
dividing yeast culture through quartz 1.1 mm. thick for as long as 89 
days failed to affect the negative in any way. 

4. The authors conclude in view of their negative evidence that the 
existence of a mitogenetic radiation in the form of ultra-violet light by 
normally growing onion roots and yeast plants cannot be accepted as a 
fact. 
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SOME OBSERVATIONS ON THE EGGS OF FUCUS AND 
UPON THEIR MUTUAL INFLUENCE IN THE DETER- 
MINATION OF THE DEVELOPMENTAL AXIS 


D. M. WHITAKER? 


(From the Laboratory of General Physiology, Harvard University, 
Cambridge, Mass.) 

Several species of the seaweed Fucus are obtainable in abundance on 
the rocky shores of Nahant peninsula, outside the entrance to Boston 
Harbor. These seaweeds have a long breeding season, shedding eggs 
and sperm in the winter months when other types of eggs are difficult to 
obtain. In 1929-30 eggs of Fucus vesiculosus were collected from Oc- 
tober until June. Throughout this time some eggs were always ob- 
tainable from plants with relatively large fruiting tips, or receptacles, 
and in February, March, April, and May they were obtainable in great 
abundance. 

Fucus vesiculosus is dioecious. The sexes can be separated by sight 
with fair reliability if a cut receptacle is examined. The conceptacles 
of the male plants are orange due to the carotinoids contained in the 
antherozoid or sperm cells. The conceptacles of the female plants are 
green or brownish-green, largely because of the plastids in the eggs. 
Identification becomes certain if a thin section of the receptacle is ex- 
amined microscopically. 

The purpose of this paper is to present a number of observations and 
experiments, some of which have been incidental to measurements on 
respiration in the Fucus eggs which will be presented elsewhere. The 
results recorded here have particularly to do with the nature of the eggs 
and with certain factors involved in determining the first division plane. 
The first division of the Fucus egg ordinarily gives rise to two cells of 
different shape. One, which includes the rhyzoidal protuberance, is the 
parent cell for the formation of the rhyzoid, the other gives rise by di- 
visions to the thallus. At the first division, therefore, the polarity or 
developmental axis of the spore has been determined and is first indi- 
cated. A number of environmental factors have been found capable of 
determining the cleavage plane and the polarity of the Fucus spore. 
Orientation of the cleavage by a directed beam of light has been demon- 
strated in a number of plants (e.g., Pierce, 1906). Farmer and Wil- 
liams (1898) have shown that if fertilized Fucus eggs are illuminated 


1 National Research Council Fellow in the Biological Sciences. 
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from one side, the rhyzoids usually originate on the side of the egg 
remote from the light. Miss Hurd (1920) found that in F. inflatus (a 
moneecious species, collected in San Francisco Bay) when directed 
beams of different light frequencies are used, red light has no effect but 
the short blue orients the cleavage and the direction of growth of the 
rhyzoid. 

At Friday Harbor Lund (1923) passed an electric current through 
sea water containing spores of the monoecious Fucus inflatus. Cross 
streams of sea water were designed to carry off electrolytic products 
formed at the electrodes. A potential drop of 25 millivolts across the 
diameter of an egg oriented the division plane and the developmental 
axis. The rhyzoid cell came to lie toward the + pole. 

There are no visible marks or identifications of polarity in the un- 
fertilized Fucus egg. The nucleus lies in the middle of the cell. When 
spores which are not too greatly crowded develop in the dark, the direc- 
tions of divisions lie entirely at random. Miss Hurd (1920) observed 
in her work with colored light that if the eggs lie close together, within 2 
or 3 egg diameters, they tend to send out the rhyzoid toward each other, or 
toward the center of a nearby mass of eggs. This phenomenon, which 
she calls a “ group effect,” was especially pronounced in the dark, but 
was strong enough to overcome the orienting effect of the directed light 
if the eggs were close together. 

This directive effect of one egg on another at a distance presents 
some points of interest. It might possibly be due to a differential of 
oxygen tension, or of CO,, or to the accumulation of some other me- 
tabolite. If the cells are either giving off or consuming some substances 
in radial fashion, in the case of neighbors the additive effect on the inter- 
vening space between them would cause that part of the sea water en- 
vironment to be most altered. No jelly or solid substance of the eggs 
traverses this space. Winkler (1900) attempted to establish a gradient 
of oxygen tension across the spores of Cystosira barbata, which are also 
oriented by light, to see if this might be the determining factor. The 
results were negative. In view of recent work purporting to show an 
effect at a distance upon dividing cells due to “ mitogenetic ” radiation, 
the possibility of some such effect in the “group effect” in Fucus 
presents itself. Mitogenetic rays have been supposed to affect primarily 
the division rate of neighboring cells, rather than the polarity or plane 
of division. It is possible that this qualitative distinction is not justified, 
however, as the plane of division may be determined by asymmetric or 
differential rates of the processes leading to cell division. The experi- 
ments which are to be described do not discover the nature of this in- 
fluence of cells at a distance. It is at present possible to answer the 
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following two questions: 1. In order that cells shall exert this influence 
upon a neighbor, must there be nuclear activity or cell division in the 
directing cells? 2. Is the directive effect in Fucus specific? The an- 
swers to these questions still leave open the question of a possible réle 
of mitogenetic rays, since this type of radiation has been as well demon- 
strated coming from non-dividing tissues, even recently macerated tis- 
sue, as from dividing cells. A brief review of some of this work is 
given by Hollaender and Schoeffel, 1931. Further experiments to con- 
tinue these preliminary observations are planned. 

Before proceeding to a consideration of these experiments, however, 
a description of the Fucus eggs, and the results of some other observa- 
tions, will be presented. 


The Gametes of Fucus 


The Fucus plant is diploid. As in animals the haploid generation is 
confined to the gametes. Yamanouchi (1909) has estimated the 
chromosome number in F. vesiculosus to be 64-32. After the plants had 
been brought into the laboratory the sex of each plant was determined 


by microscopical examination of a section of a receptacle. The re- 


ceptacles were then cut off and placed in covered glass dishes in an ice 
box at about 3° C. Usually within 24 hours or less the gametes within 
their capsules had been extruded from the conceptacles to lie in mounds 
on the outside of the receptacles. Removal of the plants from sea water 
induces shedding. In nature the shedding is stimulated when the plants 
are stranded at low tide. Too much drying, however, is highly detri- 
mental, and it is best to keep the receptacles in covered dishes as well as 
to keep them cool. 

The eggs lie 8 in a capsule when shed. The capsule wall consists 
of two thin membranes, probably with a gelatinous substance between, 
10 microns wide. When KI + 1, is added, and then H,SO,, the capsule 
membranes and the space between them do not turn blue (although the 
eggs withindo). This indicates that the capsule is not made of cellulose. 
When HNO, and NH, are added these membranes, and especially the 
space between them, turn deep yellow-brown, indicating that they are 
proteinaceous. The membranes coagulate and partly dissolve when the 
acid is added, and some coagulation of the substance between the mem- 
branes is observed. More slowly the eggs also turn yellow, although 
the color of the plastids tends to some extent to obscure the color. 

When the egg capsules are washed off from the fruiting tips into 
normal sea water, after a time, depending on temperature, first the outer 
and later the inner membrane of the capsule breaks and the eggs are 
aborted into the sea water, often being somewhat squeezed together in 
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passing out. If the eggs are kept cold, they apparently undergo no 
deterioration for many days. High percentages of fertilization and of 
normal spores have been obtained from eggs which had remained un- 
fertilized, either in light or dark, for more than a week. 

Many diflagellate sperm or antherozoids occur in small capsules (64 
antherozoids per capsule, according to Yamanouchi, 1909). These cap- 
sules are exceedingly delicate and appear to dissolve completely in the 
sea water. The sperm are immotile when liberated, but they begin to 
move in a few seconds, and are soon swimming actively. My own 
experience has been that their life is short, or rather that they do not 
fertilize eggs well after a few hours, especially if they have been in 
dilute suspension. They may be kept a number of days, however, if 
they remain dry on the fruiting tips in a moist chamber. They are im- 
motile in this condition. Sperm suspensions of even moderate concen- 
tration are brilliant orange. 

The unfertilized eggs of Fucus vesiculosus vary considerably in size. 
Single eggs varied between 52 and 70 microns in diameter, averaging 
between 60 and 65. Larger eggs are found which will be discussed later. 
The eggs are readily stratified by centrifuging, and develop normally 
after stratification. Eggs centrifuged immediately after fertilization 
tend to become ameeboid but eventually round up. Centrifuging for 20 
minutes at 2600 r.p.m. (20 cm. radius, 18° C.) throws almost all of the 
formed bodies to one end. A gray cap occupies the end position. Its 
thickness is about one ninth the diameter of the egg. The nucleus lies 
at its inner edge, just between it and the plastids, which are densely 
crowded into a zone bordering the gray cap. A few plastids remain 
behind adhering to the peripheral regions of the egg. The stratified 
materials are all less dense than the cytoplasm at large, as the gray cap 
is seen to float uppermost when the eggs settle in a tube and are ob- 
served from the side as they fall. The eggs are comparatively dense. 
They settle more rapidly than the eggs of such animals as Arbacia, 
Cumingia, Chetopterus, etc., in spite of their smaller size. The vol- 
ume of materials which are moved by the centrifuge is much less in 
proportion than in such animal eggs as the sea urchin’s. Since the eggs 
are photosynthetic they are perhaps able to dispense with as large a store 
of food materials. 

The unfertilized eggs may readily be cut with the microneedle, al- 
though unless they are pinched gently with care, they burst and disperse 
their substance into the sea water. They appear to be only poorly pre- 
pared to gelate a new surface on an exposed cut, being deficient in ma- 


terials for what Heilbrunn has called the “ surface precipitation reac- 
tion.” 
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Fertilization 


When a heavy sperm suspension is added to unfertilized eggs, the 
eggs are rapidly rotated by the sperm. After a few minutes they stop 
rotating even though the sperm are still fully active. That this whirling 
of the eggs has no significance in bringing about fertilization is evident 
(1) because dilute sperm suspensions which fertilize the eggs cause no 
rotation, and (2) because concentrated sperm of another member of the 
Fucacee, Ascophyllum nodosum, which do not fertilize the eggs of 
Fucus vesiculosus rotate the Fucus eggs more rapidly than the eggs of 
their own species (which are larger). 

Fertilized eggs were placed in a thermostat at 18° C., and the time- 
lapse to the first division was noted. The time span over which first 
divisions occur in a population is a wide one, covering approximately 
13 to 18 hours. Fifty per cent of the eggs were observed to have di- 
vided after 14 hours in one case, and after 15 hours in another. At 
cold temperatures the time is greatly extended. 

The Fucus egg has been described as secreting a cellulose wall im- 
mediately after fertilization. Eggs were fertilized and then cut with the 
microneedle at increasing intervals after fertilization, to determine the 
physical nature of this secretion and the sequence of physical change. 
It has been stated that the unfertilized eggs may readily be cut in half, 
although they burst very easily. When they burst no membrane of any 
sort is visible around the egg or remaining behind. Five minutes after 
fertilization the eggs may be cut with the greatest ease. There is no 
longer any tendency to burst. When the fragments are separated with 
the needle a sticky gelatinous material, which has been secreted, is seen 
to bridge across between the fragments. At 10 minutes conditions are 
about the same. Fifteen minutes after fertilization a slight increase in 
the rigidity of this gelatinous secretion is noticeable. After 30 minutes 
it is slightly more firm. At 45 minutes it has become a definite semi- 
solid wall which holds its shape but which is still easily cut. After an 
hour the secretion has become so firm as to be cut only with great dif- 
ficulty, and usually only after bursting the egg within. After an hour 
and a half the wall is tough and rigid. The eggs dodge the needle and 
cannot be cut. 

It is probably this sticky secretion which causes the eggs to adhere 
to the substrate and stop rotating after fertilization. The eggs adhere 
to the substrate with increasing tenacity until by 2% hours they are fairly 
well attached, or if they are kept in suspension by gentle shaking, after 
2% hours they are clumped together in adhering masses. After the 
secreted wall has become firm the eggs are well protected and may at any 
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time be dislodged without damage from the substrate to which they 
adhere. 

The secreted wall of the fertilized egg was subjected to colorimetric 
cellulose and protein tests. The walls of 24-hour spores gave no protein 
reaction, although of course the egg itself and cytolytic extrusions from 
it turned deep yellow. The cell walls turned brilliant blue when sub- 
jected to KI + 1, + H,SO,, a test for cellulose. No rotation of polar- 
ized light was observed with a polarizing microscope, but this may well 
have been because the cellulose is too thin to cause a detectable amount 
of rotation. 

The unfertilized eggs show a faint blue color in the cellulose test, 
perhaps due to the material in the cortex which is to be secreted. Ten 
minutes after fertilization the color reaction of the secreted jelly is 
equally faint. At 25 and 55 minutes there is a slight increase in the blue 
reaction. At about an hour and a half the first decidedly blue color 
results. Even this, however, is not as brilliant a blue as in the 24-hour 
eggs. It seems probable that a relative of cellulose is secreted as the 
sticky jelly, and that gradually the crystal molecular arrangement is 
assumed so that by an hour and a half the tough cellulose wall has been 
formed, which gives the blue color reaction. As the rhyzoid grows out 
on one side this membrane must be softened and added to; at any rate 
it precedes and sheathes the early rhyzoid. Nevertheless it gives a 
brilliant blue ¢ olor reaction at the tip as if it does not reconvert back into 
the faintly coloring jelly. 

If eggs which have been fertilized for an hour and a half are placed 
in sea water saturated with dextrose they shrink and collapse. Un- 
fertilized eggs do not collapse. Eggs which have been fertilized for 25 
minutes do not collapse, while those which have been fertilized for 45 
minutes collapse to some extent. Eggs which have been fertilized for 3 
hours or longer collapse and leave behind the transparent cellulose wall, 
which is clearly revealed in this way. Farmer and Williams note that 
placing the eggs in tap water so that they burst and flow out also re- 
veals the cell wall. The difference in behavior in dextrose sea water is 
often a convenient and fairly reliable way of testing for fertilization, as 
the jelly and the cellulose wall are not themselves readily seen in the 
normal fertilized egg. After two and a half hours in dextrose-saturated 
sea water the eggs have mostly rounded out and recovered their shape. 
Shrinking with sugar in the later stages causes the individual cells of the 
spore to stand out clearly. Even the early spores have a remarkable 
ability to withstand dehydration and to develop normally after being 
returned to normal sea water. Thus embryos one hour, an hour and a 
half, and two hours after fertilization were placed in dextrose-saturated 
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sea water for two hours. They were then returned to normal sea water, 
and developed in typical fashion. 


The Origin and Fate of Giant Eggs 


The size of single eggs of Fucus vesiculosis eggs varies considerably 
(about 52-70 microns). In addition, a number of giant eggs, often 
much larger, are frequently found in a sample. The proportion of these 
giants depends greatly on the treatment to which the eggs have been 
subjected before their emergence from the capsules. In some cases 
more than half will be giants, most of which are much larger than the 
eggs seen within the capsule. This difference in size led Behrens, 1886 
(cited by Farmer and Williams, 1896), to propose that the large eggs 
represent a stage in fertilization. Farmer and Williams (1896, 1898) 
point out that by no means are all fertilized eggs larger than the un- 
fertilized eggs in the capsules, and they further noted that two or three 
nuclei are sometimes visible in these large eggs, which they therefore 
regarded as abnormal eggs. Examples of what appear to be giant eggs 
appear in photographs by Hurd (1920) and Lund (1923). It might 
be supposed that these large multinucleate eggs result from the failure 
of certain of the parent germ cells to divide. While this may possibly 
be the case sometimes, careful direct observations have shown another 
and simple origin of frequent occurrence. 

When the eggs come out of the capsule they are often pressed to- 
gether. At this time they often fuse to form giants. These giants 
have been observed to form as the result of the fusion of 2, 3, 4, 5, 6, 7, 
and 8 single eggs. The giant egg, of course, contains the corresponding 
number of nuclei, although possibly these fuse later. Once eggs have 
fused, they have never been seen to separate later. The effect of tem- 
perature at the time of emergence is very marked. Samples of the same 
set of capsules were divided into lots, some of which were placed at 
3° C. and some at between 25° C. and 28° C., during the period of 
break-down of the capsules and release of the eggs. At the lower 
temperature the break-down of the capsules takes a much longer time, 
but after the eggs were out this striking difference was found: In the 
eggs at 3° C. only 3 giants were found in about 6000 eggs. In the eggs 
which had emerged at 25-28° C. between 50 per cent and 60 per cent of 
all the eggs were giants, mostly of about 4 fused eggs. The high tem- 
perature apparently alters what might loosely be called the consistency 
of the eggs, so that they are much more prone to fuse. One of the 
benefits of keeping the eggs cold while they are emerging from the cap- 
sules is to avoid these giants in experiments in which they are to be 
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avoided. The plants should be kept cold from the time of collecting, as 
otherwise some fusions will take place within the capsules. 

The development of these giants involves some peculiarities and 
variations. No doubt they occur to some extent in nature when the eggs 
are shed on warm days. Many hundreds of individual eggs were 
isolated and fertilized, and single mononucleate eggs were never ob- 
served to undergo abnormal cell division nor to give rise to more than 
one rhyzoid (although this in some cases branched at a later time). 
The giants also usually divided in normal fashion, with one giant rhyzoid, 
but not infrequently two and sometimes three independent rhyzoids 
developed simultaneously from various parts of the egg. The number 
of rhyzoids bore no special relation to the number of cells which had 
fused to form the giant egg, except that there were never more rhyzoids 
than component cells. Thus, isolated giants which had been seen to 
originate from the fusion of six eggs (for example) formed in some 
cases one, in others two, and occasionally three rhyzoids. Most com- 
monly when two rhyzoids formed they grew out side by side, sometimes 
having a common basal part. Not infrequently, however, when reared 
in the dark and away from neighbors, two rhyzoids grew out 180° or 
less apart. A few examples are sketched in Fig. 1. 


‘oes 5 OA 


Fic. 1. Spores from fused eggs (F. vesiculosis). The small left-hand spore 
is a single egg. 


Sometimes one of the supernumerary rhyzoids, especially if it is 
small, may disintegrate and sluff off, while the remainder of the spore 
then develops normally. 

The causes which determine whether twinning, or what degree of 
twinning, shall take place in these giant spores are not known. Two 
possibilities suggest themselves. It may depend upon how many of the 
constituent egg cells receive sperm independently, or it might depend 
upon the degree of fusion of the constituent cells, as determining whether 
the egg nuclei may come together to form a single polyploid nucleus, 
or whether internal partitions (former cell surfaces) persist, holding 
the nuclei apart so that they become independent division-centers. At 
any rate, the relation between the twinning and the fused origin of the 
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giant eggs indicates that the phenomenon is of the same general sort as 
the duplication in parts which results from experimentally fused eggs 
or blastulz of sea urchins and starfishes (cf. Morgan’s text, 1928). 


Cross-Fertilization 


In the spring gametes were obtained from the monoecious Fucus 
evenescens.* The eggs and sperm are shed simultaneously in a heavy 
mass of viscous jelly which covers the entire fruiting tip. These eggs 
are larger than those of F. vesiculosus, averaging about 85-90 microns 
in diameter. They also differ in color, being reddish-brown instead of 
brownish-green. The immature eggs of F. evenescens within the con- 
ceptacles are quite green, indicating that the reddish-brown pigments 
develop in the eggs as they approach maturity. Later in the spring (in 
April and May) gametes from the dioecious Ascophyllum nodosum were 
also obtained in abundance. The eggs of this form are green. They 
vary in diameter about between 60 and 85 microns, and occur four in a 
capsule instead of eight. 

Experiments were designed to see if cross-fertilizations will take 
place among these three species. Fruiting tips were washed in fresh 
water to kill any antherozoids which might be upon them, and were dried 
with filter paper and then dipped in filtered sea water to restore the 
normal salt environment. They were then placed in individual moist 
chambers to shed. 

Eggs and sperm from a given fruiting tip of F. evenescens often 
exhibited 99 per cent fertilization. It is apparently not necessary for 
the sperm of different individuals to be exchanged for the highest per- 
centages of fertilization, as in some hermaphroditic animals such as the 
ascidian Ciona (Morgan, 1924). 

Cross-fertilizations were attempted as follows: F. vesiculosus sperm 
xX Ascophyllum eggs, F. vesiculosus eggs X Ascophyllum sperm, F. 
vesiculosus eggs < F. evenescens sperm. In all cases samples of the 
eggs and sperm used were also tested against the corresponding gametes 
of the same species as a control to be sure that they were in good con- 
dition. Samples of F. vesiculosus and Ascophyllum eggs were also run 
as unfertilized controls to check against contamination. Since F. eve- 
nescens eggs could not be obtained separately from sperm no attempts 
were made to fertilize them with foreign sperm. The F. evenescens 
sperm could be obtained free from eggs by drawing off sea water above 
evenescens eggs which had settled in a dish. F. vesiculosus sperm were 
added to Ascophyllum eggs in four experiments. In the first experi- 


2 I am indebted to Professor W. R. Taylor for the identification of this species 
from a pressed specimen. 
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ment about ten per cent of the eggs divided, but also about ten per cent 
of the unfertilized controls developed. Either contamination or parthe- 
nogenesis occurred. The experiment was repeated three more times 
with large dishes of eggs with no further development whatsoever. The 
controls were good in these experiments. <Ascophyllum sperm were 
added to F. vesiculosus eggs in three experiments. In two cases no 
divisions took place. In the third case three eggs in about 3,000 divided. 
The controls were all good. F. vesiculosus eggs were inseminated with 
F. evenescens sperm in ten experiments. The controls were all good. 
-The percentages of development in the ten experiments were as follows: 
1 per cent, 1 per cent, 0.1 per cent, 0, 0, 0, 0, 0, 0, 0. 

The conclusion must be that less than 1 per cent cross-fertilization 
takes place among these forms in normal sea water. 


The “ Group Effect” 


In the course of some other experiments large numbers of dishes of 
F. vesiculosus eggs had been reared in the dark and many examples were 
seen of what appeared to be division of eggs so that the rhyzoids pointed 
toward near neighboring spores. Since it would not be difficult to be 
deceived, with neighboring cells in all directions, some sixty dishes were 
prepared in which only two eggs were placed between one and three 


egg-diameters apart. These were reared in the dark and were later 
examined microscopically with an apparatus which made it unnecessary 
to jar or touch the dishes. The results were then tabulated, dividing 
the circle around each egg into quadrants, one of which included the 
angle 45° to either side of the line joining the two eggs. Counts were 
made of the eggs whose rhyzoids protruded in each quadrant. The 
count showed an entirely random distribution. There was no correla- 
tion between the division plane and the position of the neighboring cell. 
This result was very surprising as some very convincing signs of cor- 
relation had been seen in dishes containing many cells. Accordingly, 
dishes were prepared in which a large compact mass of eggs lay in the 
center of the dish, and around about the periphery of the mass isolated 
eggs were placed at intervals well apart and about two egg diameters 
out from the peripheral cells of the mass. In this configuration there 
is no ambiguity as to the direction of the neighboring cell mass as in a 
random scattering over the bottom of a dish. The eggs were reared in 
the dark. The results in these cases were as clear-cut as in those with 
only two eggs in a dish, but they were quite the opposite. Some actual 
counts of the directions in which the rhyzoids protruded from these out- 
lying cells are as follows: Within the 180° of arc toward the central 
mass 257 eggs, in the 180° away from the mass 2 eggs; in 57 eggs, out 
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1 egg ; in 340, out 7; in 40, out 3 etc. The peripheral cells of the central 
mass itself also divided with rhyzoids inward in comparable proportions. 
It appears then that some general condition resulting from large numbers 
of eggs in the dish is necessary in order that several neighbors shall have 
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Fic. 2. Outline sketch of a group of F. evenescens eggs reared in the dark, 
showing the “ group effect.” Some of the inner cells have divided equally without 
producing rhyzoids. 


this mutual effect. The causes of this were not worked out. For the 
present purpose it was sufficient to find a circumstance in which the 
“group effect” invariably takes place. This condition is met when 
eggs are placed around a central mass of hundreds or thousands of eggs 
in a Syracuse dish, regardless of the shape of the mass. In very small 
dishes a smaller mass may suffice. 


Fic. 3. Sketch of part of an experiment, showing F. evenescens spores (stip- 
pled) directed by unfertilized F. vesiculosus eggs. These spores were reared in 
the dark, and F. evenescens eggs are on one side only of the F. vesiculosus mass. 


The eggs of Ascophyllum also exhibit the “ group effect” and the 
eggs of F. evenescens show it very markedly, much more markedly 
than the eggs of F. vesiculosus. That is to say, even small isolated 
groups of these eggs alone in a dish develop rhyzoids pointing toward 
the nearest neighbor, or in the resultant direction if there are a number 
of neighbors. Rings of four or five eggs have the rhyzoids all pointing 
inward. In large masses not only the peripheral eggs have rhyzoids 
pointing inward, but often five or six outer layers of cells also all point 


inward. In masses of eggs of this species, especially larger masses, the 
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innermost cells not infrequently divide into two equal and similar cells 
instead of producing one rhyzoid cell. Farmer and Williams observed 
occasional equal divisions in F. vesiculosus eggs, especially when reared 
in the dark. Some actual counts of the direction of the rhyzoid in 
peripheral cells of masses of F. evenescens eggs (again dividing the 
circle into two divisions of 180°) are as follows: in toward center of 
mass 260, out 8; in 38, out 0; in 113, out 3; in 210, out 2 ete. An 
example of a small isolated cluster of these eggs is shown in Fig. 2. 

To answer the two questions raised in the first part of this paper, 
masses of closely-packed F. vesiculosus eggs were arranged in Syracuse 
dishes and in smaller dishes, and with a mouth pipette eggs of F. eve- 
nescens were placed at intervals around the periphery of each mass. 


TABLE I 


The results of seven experiments showing the directive effect of unfertilized 
F. vesiculosus eggs on the developing spores of F. evenescens. 


Experiment No. Tangent Equal Division 


1 1 
2 0 
3 0 
4 1 
5 0 
6 0 
7 0 





Totals 


nN 


The F. evenescens eggs were placed at distances varying between one 
half and two egg diameters out from the periphery of the F. vesiculosus 
mass. Around the circumference the distance between consecutive F. 
evenescens eggs ranged from five to a hundred or more egg diameters, 
to rule out any effect which they might have on each other. (Other 
tests showed that no directive influence extended beyond four or five egg 
diameters.) To further control against any mutual effect of the F. 
evenescens eggs, in some cases the F. evenescens eggs were placed only 
on one side of the mass of vesiculosus eggs so that no other evenescens 
eggs whatsoever, at any distance, would be in the direction of the central 
vesiculosus mass. (Fig. 3.) 

When newly shed and fertilized F. evenescens eggs were added in 
place, supernumerary F. evenescens sperm also came into the dish, but 
these did not fertilize the F. vesiculosus eggs of the central mass. The 
dishes were then placed in a dark room under black felt and were later 


examined without jarring the dishes. Since the fertilized spores adhere 
21 
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to the bottom of the dish they are not easily dislodged, but the unfer- 
tilized vesiculosus eggs are easily moved. 


The results of seven experiments are given in Table I. In the 


column headed “in” are represented the eggs whose rhyzoids pointed 
inside an imaginary line tangent to the edge of the central mass. “ Out” 
represents those which pointed outside the tangent line. “ Tangent” rep- 
resents the eggs whose rhyzoids paralleled the tangent line. “ Equal” 
represents eggs which divided equally, without producing a rhyzoid. 
All four cases of equally dividing eggs developed cell plates parallel to 
the tangent line, as if to protrude rhyzoids directly inward (or out). 


Fic. 4. The central mass consists of unfertilized resting F. vesiculosus eggs. 
At intervals around the periphery are directed F. evenescens spores, which are 
stippled. Their greater size has been slightly exaggerated. Reared in the dark. 


The great preponderance of spores which divided with rhyzoids within 
the tangent line did so with the rhyzoid pointing almost exactly toward 
the nearest cell of the central mass. In experiments one, five, and six, 
the F. evenescens eggs were placed on only one side of the central mass. 
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In experiments two, three, four, and seven, they were placed all around 
the mass. The direction of the central mass from the evenescens eggs 
therefore covered all points of the compass and controlled against en- 
vironmental asymmetries such as, for example, stray light (which, how- 
ever, was not present). In experiments one and two the central mass 
was about one centimeter across; in experiments three, four, five, six, 
and seven, it was about two or three millimeters across, although the 
shape of the mass was not always strictly circular. A sketch of one of 
these experiments is given in Fig. 4. The peripheral evenescens cells 
are placed more closely together in this experiment than in the others. 


Discussion of the Directive Agency in the “ Group Effect” 


The results show conclusively that eggs of F. evenescens, which tend 
to divide so that the rhyzoid grows in the resultant direction of neighbor- 
ing cells, are equally well directed by unfertilized resting eggs of another 
species as by dividing eggs of the same species. The directive effect 
therefore cannot be ascribed to any agency dependent on nuclear or cell 
division in the directing cells. The effect is also non-specific, although 
the two species tested are of the same genus. 


I am much indebted to Professor W. J. Crozier, in whose Laboratory 
these experiments were performed, for advice and criticism, and to 
Professor W. H. Weston and Dr. A. E. Navez for advice and help in 
locating the habitat of the Fucus and in the proper handling of the plants 
in order to obtain gametes. Professor W. R. Taylor has been so kind 
as to identify F. evenescens for me from a pressed specimen. 


SUMMARY 


1. The results of a number of observations and experiments are 
presented which relate to the nature of the Fucus egg and to some of the 
changes which take place in it at fertilization. 

2. Giant eggs which in some cases develop supernumerary rhyzoids 
are found to originate in the fusion of single eggs within the capsule and 
especially at the time of emerging from the capsule. 

3. The extent to which eggs fuse is found to be greatly reduced at 
low temperature and increased at high temperature. 

4. Cross-fertilization between F. vesiculosus and Ascophyllum 
nodosum was found not to take place. The sperm of F. evenescens do 
not fertilize the eggs of F. vesiculosus to any appreciable extent. In- 


dividual receptacles of the moncecious F. evenescens are entirely self- 
fertile. . 
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5. The developmental axis of the spores was found to be directed 
by the presence of nearby neighbors in F. vesiculosus, F. evenescens, and 
in Ascophyllum. The first division plane tends to lie so that the rhyzoid 
protrudes in the resultant direction of near neighbors. No jelly or other 
solid egg substance traverses the space between affected eggs. 

6. Unfertilized resting eggs of another species were found to direct 
the division planes of eggs of F. evenescens equally well as dividing eggs 
of the same species. Therefore the directive effect cannot be ascribed to 
any agency dependent on nuclear or cell division in the directing cells. 
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SPERMATOGENESIS IN THE CALIFORNIA OYSTER 
(OSTREA LURIDA) 


WESLEY R. COE 


Osporn ZoOLoGIcAL LABORATORY, YALE UNIVERSITY 


In connection with an investigation on the sequence of sexual phases 
in this species (Coe, 1931) numerous preparations were made of the 
gonads of oysters of definitely known ages. Some of these illustrate 
very clearly the general features of the processes concerned in the forma- 
tion of the gametes. And since no very precise description of these 
processes has been published for any of the numerous species of oysters, 
it is hoped that this brief paper may be helpful in bringing to light some 
interesting deviations from the more usual types of spermatogenesis. 

Nearly a half century ago Hoek (1883) published an excellent gen- 
eral account of the origin and growth of the gonads in Ostrea edulis, 
but he was unable to follow the cellular changes which occur in spermat- 
ogenesis. In the several papers by Orton, especially in the more recent 
extensive studies (1926) on the sex change in O. edulis, is much infor- 
mation on the characteristics of the gonads in each of the sexual phases. 
But these studies have not included gametogenesis. 

It is well known that the spermatozoa of hermaphroditic species of 
oysters leave the body in the form of balls or ellipsoid clusters of closely 
packed ripe sperm cells. Each ball usually consists of from 250 to 2000 
or more spermatozoa, each with its head directed toward the center of 


the ball and with its flagellum extending radially above the surface 
(Figs. 1, 4). 


These balls are formed in the gonads and pass through the genital 
ducts into the mantle cavity, and thence out of the body, in great num- 
bers whenever the animal in the ripe male phase is suitably stimulated. 

In this connection it should be stated that all individuals of this 
species of oyster are protandric, and that there is a rhythmical alternation 
of female and male phases throughout the remainder of their lives (Coe, 


1931). There are many intergrading stages in the change from one 
sex phase to the other, particularly in young animals. Furthermore, it 
frequently happens that one part of the reproductive system reaches a 
certain phase of sexuality in advance of other parts, whereby one por- 
tion of the system will have the characteristics of one sex while the rest 
of the gonads are predominantly of the other sex. 
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All grades of hermaphroditism are thus found in an oyster popula- 
tion at all seasons of the year. As a rule about half of the population 
may be roughly classed as intersexual forms, an equal number being pre- 
dominantly of one sexual phase or the other. But animals exclusively 
male or female are few in number at any season, particularly those that 
are exclusively female. 

The vast majority of those in the female phase either have more or 
less abundant sperm balls, remaining from the preceding male phase, in 
the follicles of the gonads or in the genital canals, or else they show some 
follicles in which the spermatogenesis for the succeeding male phase is 
anticipated. The ripe ova often mingle freely with the sperm balls in 
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Fic. 1. Diagrams of portions of ripe gonads in first and third male phases 
drawn to the same scale. A, primary gonad, climax of first male phase, with ripe 
sperm-balls (spz) filling both lumen and ciliated genital canal (gc); follicle bor- 
dered with closely placed ovocytes (ov) anticipatory of first female phase. 8B, por- 
tion of secondary gonad, indicating its much greater size at climax of third male 
phase; very numerous balls (spz) now fill the much larger follicle and genital 
canal (gc) ; spermatocytes (spc) and a few large ovocytes (ov) border the lumen. 


the genital ducts, but the firm attachment of each spermatozo6n prevents 
self-fertilization, at least until after the sperm have been discharged into 
the mantle cavity. 

In the male phase similarly, particularly in young males, the follicles 
of the gonads usually contain more or less numerous ovogonia or well- 
grown ovocytes or both (Fig. 1). Only in the oldest animals are the 
transition stages almost eliminated. 

In the young animal the first traces of the gonads appear at the age 
of about eight weeks. The few cells composing these gonads show no 
distinguishing characteristics of sexual differentiation, but at the age 
of twelve to sixteen weeks each gonad in every animal studied shows that 
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both primitive ovogonia and spermatogonia are present. The spermato- 
gonia, however, proliferate more rapidly than do the ovogonia and the 
gonad soon acquires the characteristics of a spermary although ovogonia 
and ovocytes are always present. Spermatogenesis quickly follows if 
the temperature is sufficiently warm and the ripe spermatozoa are ready 
to be discharged when the oyster is about five months of age (Fig. 2). 

Before this initial male phase has been completed and before any of 
the sperm-balls have been discharged, the proliferation of the ovogonia 
and their transformation into ovocytes are in progress. Most of the 
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Fic. 2. Diagram of successive stages in spermatogenesis. A, two indifferent 
germ cells on wall of gonad; B, small group of spermatogonia, with reticular chro- 
matin and conspicuous nucleoli; C, small group of secondary spermatogonia; D, di- 
vision of secondary spermatogonia to form spermatocytes; E, primary spermato- 
cytes with slender chromosomes; F—K, division of primary spermatocytes; L-R, 
division of secondary spermatocyte; S, T, transformation of spermatid into the 
mature spermatozoon. 


sperm-balls are then discharged from the body, whereupon the animal 
assumes the first female phase, although some sperm-balls are always 
left in the genital ducts, and many spermatogonia for the subsequent 
male phase are present in the gonads. 

In the female phase the ovocytes build up their yolk materials and 
ovulation occurs at the age of about six months. The eggs are retained 
in the mantle cavity of the parent during fertilization and cleavage and 
through development until the embryos have become provided with a 
bivalved, straight-hinged shell. 

While the embryos are developing within the mantle cavity the 
spermatogonia remaining in the gonads begin a rapid spermatogenesis 
and even by the time the embryos have been spawned the second male 
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phase has been reached. The number of sperm-balls produced is now 
vastly greater than in the first male phase and a much greater proportion 
of them contain the maximum number of spermatozoa. If the animal is 
well nourished some hundreds of thousands of such sperm masses are 
formed, with upwards of 2000 spermatozoa in each. 

After the ripening and discharge of the sperm will come a recupera- 
tion period. And, apparently, these alternating sexual phases will be 
repeated regularly throughout the remainder of the animal’s life. But 
it is not at all improbable that in certain individuals, and possibly in some 
hereditary strains, one sexual phase or the other may be considerably 
reduced in older animals, with a corresponding tendency toward a di- 
oecious condition. Furthermore, if the nutritional conditions are favor- 
able the recuperation period may be abbreviated or eliminated, resulting 
in several changes of the sexual phase in a single breeding season. Or 
a recuperation interval may divide any of the male phases, after the 
first, into two separate parts, one period of spermatogenesis immediately 
following ovulation and the other preceding the next female phase. 


SPERMATOGENESIS 


The successive stages in spermatogenesis will be discussed in the 
order in which they appear in the gonads of the young animal. 

Indifferent gonia.—The earliest gonads, as found in young animals 
about eight weeks after attachment, consist of only a small number of 
cells and these show no recognizable characteristics that might indicate 
to which sex line they are ultimately destined. A few weeks later, how- 
ever, after a large number of descendants has been produced, the two 
types of gonia are easily recognizable as such. The ovogonia then lie in 
a single row close beneath the surface of the gonad, while the primary 
spermatogonia occur singly or in small groups either against the wall or 
separated from it by several ovogonia (Figs. 1, 2). 

Primary spermatogonia.—Each of the balls or clusters of ripe sper- 
matozoa is derived from a single primary spermatogonium, and as there 
are commonly from 250 to 2000 or more spermatozoa in each ball the 
primary spermatogonium must divide six to nine times to produce the 
64 to 500 or more secondary spermatogonia required. The number of 
divisions presumably depends upon the amount of nourishment available. 

The first division of the primary spermatogonium is frequently verti- 
cal to the surface of the gonad, one of the two daughter cells remaining 
in contact with the surface (Fig. 2). Successive divisions result first in 
a morula of cells and then in a more or less regular spherical mass. 
Each of the constituent cells then assumes a pyramidal shape, with the 
apex toward the center of the group and with the nucleus near the base 
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of the cell, that is, near the surface of the sphere (Figs. 2,4). With 
still greater multiplication in numbers some of these secondary spermato- 
gonia become crowded into the center of the sphere, causing a change in 
the shape of such as remain in contact with the surface. All the sper- 
matogonia have large, vesicular nuclei, each with a conspicuous nucleolus 
and loose chromatin reticulum. Although the cell bodies are in close 
contact and are held together by a delicate non-cellular secretion, the 
cytoplasm of adjacent cells is always more or less completely separated 
(Fig. 2). In less well preserved specimens, however, the clusters may 
have the appearance of syncytial masses with nuclei imbedded radially 
in the common protoplasmic matrix. 
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Fic. 3. Transformation and division of primary spermatocyte. A, leptotene; 
B, C, D, prophase groups of chromosomes; E-J, mitosis and formation of sec- 
ondary spermatocytes. 


Except at the time of mitosis the spermatogonia must absorb a con- 
siderable amount of nourishment, for the final cells remaining after the 
spermatogonial divisions have been completed are about one-eighth as 
large as was the original spermatogonium. The latter measures about 
.0057 mm. in diameter in the prepared sections while the final spermato- 
gonia are about .0028 mm. in diameter. Intermediate gonia are inter- 
mediate in size. 

Primary spermatocytes.—Following the last spermatogonial division 
the resulting primary spermatocytes are retained in the same spherical 
groups. Very little growth takes place, the nuclei soon showing the 
chromosomes in slender spiremes, apparently followed by the usual pro- 
cess of synapsis (Fig. 2). The typical brachytene stage soon appears 
and then the prochromosomes are arranged close beneath the nuclear 
membrane (Fig. 3). Prophase, metaphase, telophase are all of typical 





314 W. R. COE 


appearance, with a delicate spindle of the usual form. The chromosome 
number could not be definitely determined because of the crowded con- 
dition of the metaphase and anaphase plates, but it is not very large. 
There are two typical spermatocyte divisions. 

Secondary spermatocytes——The secondary spermatocytes are like- 
wise held together in a crowded, spherical mass. Nuclear behavior and 
mitotic figures do not deviate from the typical condition (Figs. 2, 4). 

Spermatids.—These also remain in close contact and become defi- 
nitely oriented, each with its longer axis in a radial position in the 
irregularly spherical mass of from 250 to 2000 or more similar cells 
which compose the sperm-ball (Fig. 4). 


Fic. 4. Stages in formation of sperm-ball. A, group of young spermatogonia; 
B, later stage of same group; C, primary spermatocytes; D, division into secondary 
spermatocytes; E, spermatids; F, ripe sperm-ball, with radiating flagella of the 
spermatozoa. 


Spermatozoa.—During the transformation of the spermatid to the 
spermatozo6n the flagellum grows out radially and projects far beyond 
the surface of the group. The free outward growth of the flagellum 
shows that the sperm-ball has only a tenuous or gelatinous covering and 
that each spermatozo6n is held in place by a common matrix of trans- 
lucent gelatinous secretion. 


Except for such relatively few groups of spermatogonia as have 
retained positions in contact with the wall of the gonad, the development 
of the sperm-balls has taken place in the fluid contained within the 
lumen. Usually the first sperm-balls to be completed are those adjacent 
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to the spacious portion of the gonad which is continuous with the cili- 
ated genital canals. Here they and the later ones accumulate until many 
thousands and in some cases perhaps hundreds of thousands are ready 
to be discharged (Fig. 1). The size of the balls varies greatly, due to 
variation in the number of the constituent spermatozoa, but most of 
them are between .04 and .06 mm. in longest diameter. 

The male phase has now reached its climax and upon a suitable stim- 
ulus, such as a rise of temperature from below the critical point of 16° 
C. to above that point in the spring or, presumably, by the presence of 
eggs of other individuals in the vicinity at other times during the seven 
months of the breeding season, the spasmodic contractions of the oyster’s 
body forces the myriads of sperm-balls into the water. 

On reaching the sea water the sperm-balls rotate rapidly, due to the 
lashing of the tails of all the contained spermatozoa. The cementing 
substance is gradually dissolved, liberating the spermatozoa which are 
then free to swim about in the water. The ripe spermatozoon is not 
much more than .0012 mm. in diameter, with a flagellum about twenty 
times as long as the rounded oval head (Fig. 2). After all the sper- 
matozoa have worked themselves free, the remainder of the intercellular 
matrix of the sperm-ball is left behind as an amorphous gelatinous 
material. 


Comparison of the gonads of O. virginica with those of O. lurida 
shows that in both species there is a close agreement in the general fea- 
tures of spermatogenesis. But in the former species the derivatives 
both of the primary spermatogonia and of the spermatocytes separate 
freely, so that there is no aggregation into masses other than the asso- 
ciation which results from the proximity of neighboring cells. The 
young spermatozoa are thus free to move individually in the lumens of 
the gonads and in the genital ducts, in marked contrast with those of 
O. lurida, where a special adaptation prevents, or diminishes the oppor- 
tunities for, self-fertilization. 
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STUDIES OF PHOTODYNAMIC ACTION 


Ill. Tue DirrereNce IN MecHANISM BETWEEN PHOTODYNAMIC 
HEMOLYSIS AND HEMOLYSIS BY NON-IRRADIATED EOSINE 


H, F. BLUM AND G. C. McBRIDE 


(From the Division of Physiology, University of California Medical School, 
Berkeley, California) 


Dyes which bring about photodynamic hemolysis, in many instances, 
bring about the same effect in the absence of light (Dunkelwirkung), 
when the dye is present in sufficiently high concentration. This sug- 
gests the possibility that a reaction of the dye with cell constituents 
which is independent of light underlies the hemolysis; and that this 
reaction is accelerated by the activation of dye molecules by absorbed 
radiation, with the result that hemolysis occurs in lower concentrations 
of the dye. Certain rough correlations between the effect of the non- 
irradiated dyes and the photodynamic effects have been pointed out by 
Jodibauer and Haffner (1921la) and by Blum (1930b) which would 
support this thesis, but it is possible that hemolysis is initiated by en- 
tirely different mechanisms in the two cases. Photodynamic hemolysis 
has been shown to require the presence of molecular oxygen (Hassel- 
balch, 1909; Schmidt and Norman, 1922), and there seems little doubt 
that this phenomenon is dependent upon oxidations by molecular oxygen 
activated in some way by light. Obviously, if the hemolysis produced 
by the non-irradiated dye is dependent upon the same reactions, it must 
likewise be inhibited by the absence of molecular oxygen. The attempt 
to separate the two processes on this basis has been the object of the 
following experiments. 


EXPERIMENTAL 


Quantitative experimental treatment of this problem meets with 
various difficulties. Measurement and comparison of the oxygen con- 
sumption during hemolysis by irradiated and non-irradiated dyes meets 
the a priori objection that certain dyes greatly alter the normal metabol- 
ism of cells without apparent destructive effects (see Barron and Hoff- 
man, 1930), which might result in false conclusions as to the oxygen 
consumption of the process leading to hemolysis. Reducing the partial 
pressure of oxygen in any way, with the object of studying the effect on 
the hemolytic process, brings about changes in hydrogen ion concentra- 
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tion within the red blood cell due to the formation of reduced hemo- 
globin. This change in hydrogen ion concentration may considerably 
affect the hemolytic process (Jodlbauer and Haffner, 19215; Blum, 
1930b), without reference to oxidative reactions. Such factors offer 
considerable difficulties in quantitative experimentation, and it has, 
therefore, appeared wise to attempt only to demonstrate qualitatively, 
whether or not hemolysis by dyes may occur in the absence of light and 
oxygen. 

The method employed has been as follows: Series of eosine solutions 
were prepared covering a range of concentrations which included the 
minimum concentration found to bring about hemolysis in air in the 
dark. The solutions were made up with isosmotic phosphate buffers 
usually at pH 7.0, according to the procedure described by Blum 
(1930a). Suspensions of 0.5 per cent red blood cells were made with 
these solutions, oxygen removed, and one series exposed to sunlight, 
while the other was maintained in the dark. If hemolysis by the non-ir- 
radiated dye, as well as photodynamic hemolysis, requires oxygen, he- 
molysis should not appear at any dye concentration in either the irradiated 
or the non-irradiated series. On the other hand, if the action of the non- 
irradiated dye does not require oxygen, there should be a concentration 
in each series above which hemolysis should occur. In the latter case 
the minimum concentration at which hemolysis occurs need not be ex- 
actly the same as the corresponding minimum in air, since the removal 
of oxygen would result in a change in the hydrogen ion concentration 
within the cell which might cause a shift in this minimum. 

The validity of the results obtained in this way depends upon the 
removal of oxygen to a level which will not allow the oxidative mecha- 
nisms leading to hemolysis to proceed at a demonstrable rate. The only 
criterion for this is the complete inhibition of hemolysis in the irradiated 
systems. This was found difficult, the difficulty lying apparently in the 
removal of the oxygen from the cells themselves. The suspensions 
which we have found convenient for the study of the hemolytic process 
contain 0.5 per cent red blood cells, and it may be readily calculated that 
in such a system the cells contain about one-fourth of the total oxygen 
in the system. The cells contain about forty per cent by volume of 
oxygen, or 0.2 cc. per 100 cc. of suspension containing 0.5 per cent cells. 
From the absorption coefficient of oxygen in water approximately three 
cc. of oxygen are absorbed in 100 cc. of water at 25° C., and since our 
solutions are saturated with air and not with oxygen, they should con- 
tain approximately one-fifth of this quantity or 0.6 cc. per 100 cubic 
centimeters. Thus there is, roughly, one-third as much loosely-bound 
oxygen in the cells as there is dissolved oxygen in the surrounding solu- 
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tion. It is thus apparent that the oxygen must be removed from the 
cell as well as from the solution in order to establish the desired low 
oxygen tension. It was not found possible to completely inhibit the 
effects of the irradiated dye by reducing the atmospheric pressure above 
the solution. It was likewise found difficult to obtain conclusive results 
by attempting to remove the oxygen by bubbling nitrogen through the 
solutions for a considerable time. It was found, however, that definite 
results could be obtained by using carbon monoxide to remove the oxy- 
gen from the cells. The procedure in these cases was first to bubble 
nitrogen through a series of tubes, each containing 2 cc. of dye solution 
of a given concentration witMout cells for 15 to 20 minutes to ensure 
the removal of oxygen from the solutions. Carbon monoxide was 
bubbled through a 50 per cent suspension of washed red blood cells to 


TABLE I 


Irradiated systems exposed to mid-day sunlight for 1 hour (12:15 p.m.-1:15 p.m. 
August 21, 1931). Observations made at the end of 6 hours following mixing of cells 
with dye solution. H = complete hemolysis; (H) = partial hemolysis. Solutions 
contain sodium phosphate buffer isosmotic with 0.15 M NaCl, pH 7.0, + 0.5 per cent 
r.b.c. Human. 
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remove the oxygen from these ; 0.2 cc. of this suspension was then added 
to each tube to form a 0.5 per cent suspension of cells, the tubes being 
opened to the air for as short a time as possible in order to avoid the 
entrance of oxygen. The suspensions were then flushed out with about 
400 cc. of carbon monoxide. Such treatment was found very effective 
in inhibiting the photo-reaction, but, as will be seen by reference to 
Table I, did not inhibit the action of the non-irradiated dye. In order 
to rule out any possible specific effect of carbon monoxide, similar sys- 
tems were treated with a mixture of 20 per cent oxygen and 80 per cent 
carbon monoxide. 

Table I presents the results of a typical experiment, in which three 
series of cell suspensions were exposed to sunlight, (a) in air, (b) in 
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carbon monoxide, and (c) in a mixture of carbon monoxide and oxy- 
gen, while three similar series were maintained in the dark. The re- 
sults show that the photodynamic effects are completely inhibited by the 
absence of oxygen, while the effects of the non-irradiated dye are not. 
The fact that the photo-effect is completely inhibited in an atmosphere 
of carbon monoxide indicates that the oxygen content of the system has 
been lowered sufficiently so that hemolysis by the non-irradiated dye 
should also be inhibited if it is dependent upon the same oxidative re- 
actions as the photodynamic effect. The fact that carbon monoxide 
does not inhibit the light reaction when oxygen is present indicates that 
the inhibition is not a specific action of the carbon monoxide but is due 
to lack of oxygen. While the results of such experiments vary some- 
what with regard to the rate of development of hemolysis, in no case 
has it been possible to completely inhibit hemolysis by non-irradiated 
dyes. A certain amount of the variation may be due to temperature 
differences. The non-irradiated systems were maintained at a tempera- 
ture of approximately 25° C. during the period before the observations 
were made. On the other hand, the irradiated systems were exposed 
during the one-hour period of the irradiation to a variable temperature, 
which, however, was never higher than 27° C. and in some experiments 
was considerably lower than the temperature of the non-irradiated sys- 
tems. So far as can be determined, by such qualitative observation as 
we have used, the rate of hemolysis is somewhat decreased in the sys- 
tems in contact with CO or mixtures of CO and O,. It seems probable 
that this is due to the difference in hydrogen ion concentration of the 
cells containing carboxyhemoglobin from that of those containing oxy- 
hemoglobin. It is possible, of course, that in the series exposed to 
light, the carboxyhemoglobin is dissociated to some extent by the action 
of light with the formation of oxyhemoglobin or reduced hemoglobin, 
depending upon whether oxygen is present or not. This might account 
for some differences in the rate of hemolysis between irradiated and 
non-irradiated systems. 

The fact that hemolysis is completely inhibited in the absence of 
oxygen excludes the possibility that reactions of the type described by 
Levaillant (1923) and Windaus and Borgeaud (1928) may bring about 
the destructive changes leading to hemolysis. These reactions take place 
in the absence of oxygen and may be considered as oxidations in which 
the dye acts as a hydrogen acceptor. The dye is reduced in these cases 
to the colorless leucobase, and the fact that no bleaching of the dye was 
observed in our experiments indicates that reactions of this type did 
not occur to any appreciable extent. 
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While it was not found possible, as mentioned above, to inhibit the 
photo-effect completely by evacuation or by bubbling nitrogen through 
tiie suspensions, it was found that such treatment markedly decreased 
the photo-effect, but did not alter the hemolytic effect of the non- 
irradiated dye. Similar results were observed when the attempt was 
made to inhibit these reactions by the use of reducing agents in the 
solution. Experiments were carried out using Na,SO,, Na,S,O,, and 
NaNO, in concentrations up to 0.1M. It was found impossible to com- 
pletely inhibit the photo-reaction by means of these reducing agents, and 
therefore it cannot be assumed that the reducing power of the solution 
is sufficient to completely inhibit the action of the non-irradiated dye if 
it involves the same process as the photo-reaction. However, the fact 
that these reagents have no apparent tendency to inhibit the dark re- 
action indicates that the two processes are essentially different. Thus, 
while the above evidence may not, perhaps, be considered as absolutely 
conclusive, collectively it gives strong support to the view that the dark 


reaction is not an oxidation by molecular oxygen, whereas the photo- 
reaction is. 


DISCUSSION 


Hasselbalch (1909) performed experiments to test whether the 
hemolysis by non-irradiated dyes requires oxygen, and reported results 
contrary to those described above. Using red blood cells in suspension 
in isotonic NaCl solution which contained a given concentration of dye 
sufficient to bring about hemolysis in the absence of light, he found that 
the evacuation of the air above the solutions inhibited the hemolysis. 
Evacuation under these conditions would remove CO, as well as O,, 
and since the solutions in which the cells were suspended were un- 
buffered, the removal of CO, must have decreased their hydrogen ion 
concentration. Furthermore, the removal of both CO, and O, from 
the cells themselves must have resulted in a decrease of hydrogen ion 
concentration within the cells due to formation of reduced hemoglobin. 
Hemolysis by non-irradiated fluorescein dyes is markedly affected by 
hydrogen ion concentration (Jodlbauer and Haffner, 1921); Blum, 
1930a), the minimum concentration necessary to bring about hemolysis 
increasing as the hydrogen ion concentration decreases. Thus it seems 
quite probable that the results obtained by Hasselbalch with fluorescein 
dyes (eosine and rose bengal) were due to the decrease of hydrogen ion 
concentration to a value at which the concentration of the dye employed 
would not produce hemolysis in the absence of light. The justification 
of this criticism will appear upon the examination of the tables given 
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by Blum (1930b).* Hasselbalch also used quinine hydrochloride and 
quinine bisulphate, finding that evacuation prevented hemolysis in the 
former but not in the latter case. This variation in effect indicates that 
the factor affecting hemolysis was probably something other than the 
O, content of the system. Although, as stated above, changes of hydro- 
gen ion concentration must have occurred in our systems due to the 
formation of carboxyhemoglobin, this did not mask the effect of O, 
lack because the observations were made over a wide range of dye 
concentrations. 


EXPERIMENTAL—THE EFFrect oF CYANIDE ON PHOTODYNAMIC 
* HEMOLYSIS 


It has been suggested that the mechanism of photodynamic action 
involves the normal respiratory mechanisms of the cells themselves 
(e.g., Metzner, 1919 and 1921). If this were true, photodynamic he- 
molysis should be inhibited by the inhibition of the respiratory enzymes. 
In the above experiments it was found that the photodynamic effects 
are not inhibited by CO provided O, is present. The presence of CO 
should partially inhibit all the respiratory oxidative mechanisms of the 
cell except the aerobic dehydrases.? However, light decreases the in- 
hibitory effect of CO on certain of these mechanisms (“ respiratory en- 
zyme” of Warburg, “indophenol oxidase” of Keilin), and it is pos- 
sible that the inhibitory effect of CO was very slight in the systems 
where mixtures of CO and O, were used (Warburg, 1926). 


To test this question further, cyanide was used to inhibit respiratory 


enzymes. Series of dilutions of eosine were prepared as above, to a 
part of which M/100 KCN was added. Red blood cells were added 
(0.5 per cent) and a part of the KCN series was exposed to light to- 
gether with control series not containing KCN ; other KCN and control 
series were maintained in the dark. In no case could a difference be 
detected between the KCN series and the controls in either the irradi- 
ated or the non-irradiated systems. These experiments are in agree- 
ment with those of Loeb (1907) and Moore (1928), who found that 
KCN did not inhibit destructive changes in echinoderm eggs by eosine 
and sunlight, and of Baumberger et al. (1929), who found that cyanide 
did not inhibit the photodynamic action of methylene blue in preventing 
the clotting of blood plasma. Cooke and Loeb (1909) found that KCN 

1 The values for molar concentrations of dye given in these tables are in error; 
the decimal point should in all cases be moved one place to the right. Hasselbalch 
used M/200 eosine in his experiments, and it will be seen that this concentration is, 
according to these tables, one at which a small difference in hydrogen ion con- 


centration might determine the occurrence or non-occurrence of hemolysis. 
* The nomenclature here used is that of Dixon (1929). 
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increased the photodynamic effects of some dyes on eggs, but this may 
have been due to hydrogen ion concentration effects. 

The addition of M/100 KCN should serve to inhibit markedly all 
the known respiratory mechanisms with the exception of the aérobic 
dehydrases, including those in which light interferes with inhibition by 
carbon monoxide. If these mechanisms played a part in the production 
of photodynamic hemolysis, the inhibitory effect of the cyanide should 
be reflected in a reduction of hemolysis. As stated above, no such de- 
crease could be observed. 

While it is possible that the aérobic dehydrases may play a part, it 
seems probable that the photodynamic effects are the result of direct 
oxidation of cell constituents by molecular oxygen, the activation of the 
O, resulting from light energy absorbed by a sensitizer and completely 
independent of activation by cellular enzymes. The destruction of 
respiratory enzymes might play a more important part in cells in which 
respiration is more active than in red blood cells, and may possibly ac- 
count for the induced tropisms of Metzner (1919, 1921), as he suggests, 
but this explanation has no experimental support. 

These experiments also suggest that hydrogen peroxide is not 
formed as an intermediate step in photodynamic action. If H,O, took 
a part in the oxidations, catalase should tend to oppose the photodynamic 
effect by its destruction ; in such a case the inhibition of catalase by cy- 
anide should result in increased photodynamic effects. As stated above, 
cyanide has no effect whatsoever on photodynamic hemolysis, and since 
this is true, it appears improbable that H,O, is formed as an intermedi- 
ate. This does not, however, deny the formation of intermediate or- 
ganic peroxides which would not be attacked by catalase. 


SUMMARY 


1. The absence of molecular oxygen completely inhibits photo- 
dynamic hemolysis but does not inhibit the hemolytic action of the 
non-irradiated dye. The two phenomena are thus dependent upon 
different fundamental mechanisms. 

2. Cyanide does not inhibit hemolysis either by the irradiated or 
non-irradiated dye. Thus the respiratory mechanisms of the cell, with 
the exception of the aérobic dehydrases, cannot play a part in the pro- 
duction of photodynamic hemolysis. 
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I. INTRODUCTION 


The presentation of scientific facts to students and to the public 
requires coérdinated efforts between research workers on the one hand 
and authors of text-books and popular articles on the other. Cer- 
tainly, the duty of an investigator, when a group of facts sufficient to 
justify a conclusion has been definitely ascertained, is to present both 
the facts and the conclusion in a clear and concise form through the 
proper channels. But the obligation of one who prepares a text-book 
is no less to keep diligently in touch with these sources of information 
and to present adequately and accurately the various subjects with 
which he deals. 

The whole field of biology presents no more clear, simple and 
beautifully logical process than that of maturation. Yet, judging from 
the presentation of this important subject in current text-books and the 
conceptions derived from these presentations by university students, 
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someone has failed in his duty. Serious consideration of the problem 
of responsibility leads me to the conclusion that the blame lies largely 
with the cytologists. The facts necessary to a clear comprehension of 
the mechanism of maturation have been available for a number of 
years though certainly not in a particularly clear or readily accessible 
form, when one considers the amount of attention the author of a gen- 
eral text-book can give to the subject. 

The difficulties seem to be due chiefly to hazy conceptions concern- 
ing three points: (1) Definition of a chromosome; (2) time of segregation 
and (3) the historically correct usage of the term maturation as applied 
to gametogenesis. These will be considered in turn. 

1. Definition of a Chromosome.—Little excuse exists for the misuse of 
this word. Waldeyer (1888) named and defined chromosomes as the 
individual, rod or loop-shaped, longitudinally split, basophilic bodies 
which are formed from the nuclear network during mitosis. McClung 
(1905) amplified this definition as follows: “‘Chromosomes are chro- 


matic elements acting as unit structures during mitosis. Chromo- 
somes are of two general classes: 


1. Simple—containing two chromatids in metaphase. 
2. Multiple—containing more than two chromatids in metaphase and 
formed by the union of simple chromosomes. 
(a) Tetrads, containing four chromatids (derived from a pair of 


homologues, as ordinarily used.) 
(b) Hexads, containing six chromatids. 
(c) Octads, containing eight chromatids (etc.).” 


‘A chromatid is a (longitudinal) half of a simple chromosome.”’ 
The parts in parenthesis are mine. In other words, chromosomes are 
the individual, chromatic elements which appear definitely in the 
nucleus at the end of the prophase and which act as unit structures 
during mitosis. 

2. Time of Segregation.—There is a very wide-spread habit among 
biologists, especially geneticists, of referring to one of the maturation 
divisions as the reduction and the other as the equation division. The 
facts in regard to the segregation of the sex-chromosomes in a number 
of organisms have been available for years, and they stand in direct 
contradiction to such views. The true status may be seen from the 


following data summarized from the recent edition of E. B. Wilson’s 
valuable book: 
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Accessory XY 


Pre-reduction Post-reduction Pre-reduction Post-reduction 


i enianipenbiegichignastnnel 
Orthoptera 10 genera 1 genus 
Homoptera 4 genera | 
Heteroptera 5 genera 4 genera 11 genera 
Coleoptera 2 genera 2 genera 6 genera 
Nematoda 2 genera 2 genera 1 genus 
Diptera | 3 genera 

| 


Other evidence, which has been available for years, demonstrates 
that at least some of the euchromosomes behave in a similar manner. 
Wenrich (1916) showed that the homologues of the tetrad which he 
designated as C, segregate half the time in the first and half the time in 
second maturation division. He also showed that the homologues of 
tetrad B and other combinations of tetrad C segregate uniformly in the 
second division, while the writer (1913) and Robertson (1916) had 
shown that segregation, in what are probably comparable tetrads of 
certain other species, occurs constantly at the first division. Obvi- 
ously, therefore, néither division can be referred to accurately as the 
segregation (reduction) division; the term is applicable only to the 
separation of the maternal and paternal components of any chromo- 
some and not to either maturation division. Further evidence that the 
object to be attained and not the time of attaining it is the essential 
feature of maturation will be presented in this paper. 

Quotations from a few of the best current text-books of biology will 
illustrate these points. The following statement occurs in one a 
propos of the first maturation division: 


“But, and this is the crucial point, in the early anaphase the 
members of each pair are separated, one synaptic mate going to each 
pole of the spindle. Thus each of the daughter cells—SECONDARY 
SPERMATOCYTES—receives half the total number of chromosomes that 
were present in the primary spermatocyte or the somatic cells. The 
essential difference between this type of mitosis (REDUCTIONAL DIVI- 
SION) and that involved in other nuclear divisions (EQuATION DIVvI- 
SIONS) lies in the separation of entire chromosomes (synaptic mates) 
instead of the splitting of each chromosome.”’ 


This book is entitled ‘Foundations of Biology”’ and the author 
states in the preface that it is intended for college students and the 
general reader. Yet, among the first things that a college student in 
many laboratory courses in zodlogy will see for himself, is the fact that 
the number of chromosomes in the first o6cyte or spermatocyte is one- 
half that in the somatic cells and is the same as the number in the 
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second odcyte or spermatocyte. Such a statement, therefore, confuses 
the student or else gives him an incorrect conception as to the use of the 
word chromosome. Furthermore, it gives him an erroneous idea as to 
the process and time of segregation, which as already mentioned is not 
confined to either maturation division, exclusively. 

The following quotation from another author shows improvement 
over the preceding in that there is recognition of the fact that segrega- 
tion may occur at either division, but a similar lack of a clear concep- 
tion of a chromosome: 


‘‘ Tetrads.—The pairs of chromosomes often do not appear as double 
bodies; for while the chromosomes have been coming together they 
may also have divided. Each pair thus consists of four half-chromo- 
somes; and the quadruple body formed is called a tetrad. Owing to its 
origin, two of the parts of each tetrad are maternal, the other two 
paternal. In the two maturation divisions the tetrads are divided, in 
two planes, first into double bodies called dyads, next into their single 
components.” 


‘ First Maturation Division.—A spindle is formed, on which the 
tetrads take their place. How the tetrads are divided depends on the 
way they are placed on the spindle. In part, this position appears to be 
fixed and always the same in the same species. In the illustration they 
are represented as having been so placed that the maternal half of the 
tetrad is separated from the paternal half. It is a matter of chance, 
however, whether the paternal half is turned toward one end of the 
spindle or toward the other. It may happen therefore, that all of the 
paternal dyads go into one cell and all of the maternal dyads into the 
other, or, as in the figure, part into one cell and part into the other. 
The cells produced by this division are called secondary spermatocytes.” 

‘It is worthy of note that in the division just described, no chromo- 
somes have divided. The tetrads have divided, but merely by the 
separation of the two chromosomes which had previously come to- 
gether. Such a division is called a reductive division; it never occurs in 


cell divisions except in maturation, and in only one of the maturation 
divisions.” 


Tetrads are chromosomes according to any accepted definition of 
the word; hence, ‘‘chromosomes”’ have divided in the above instance. 
Also since a tetrad is a chromosome the statement that it is four “‘half- 


chromosomes” is rather confusing. The difficulty disappears if the 


statement is changed to “ Each pair thus consists of four chromatids.” 
Two other points in the above quotation, while actually accurate, are 
inadequate, so far as the inexperienced student is concerned. One is: 
“It may happen, therefore, that all of the paternal dyads go into one 
cell and all of the maternal dyads into the other.” The student gains 
the idea that this is a reasonably frequent occurrence, whereas, in an 
organism like a short-horned grasshopper with its 24 or 23 chromo- 





328 E. ELEANOR CAROTHERS 


somes (12 pairs), assuming the simplest possible conditions with no 
crossing-over, one gamete in each 4096 would be expected to contain 
the haploid set of 12 chromosomes contributed by a particular parent 
(2); while, in man with 48 chromosomes (24 pairs), the ratio is 1:16- 
777216 (2*). The other misleading statement concerns the reduction 
division: ‘‘. . . it never occurs in cell divisions except in maturation 
and in only one of the maturation divisions.”” As a matter of fact, as 
previously pointed out, reduction (better, segregation) occurs in both 
maturation divisions; but, obviously, a given pair can segregate in only 
one, though a corresponding pair in another cell may segregate in the 
other. In other words, the term reduction division should only refer to 
the separation of the maternal and paternal components of any chromo- 
some and not to either maturation division taken as a whole. 

May I present just one more quotation on this subject from another 
author: 


aa 


. . . Weismann in 1888 prophesied that in one of the maturation 
divisions it would be found that the chromosomes do not divide longi- 
tudinally but transversely so that the hereditary characteristics instead 
of being equally partitioned between the daughter cells would be di- 
vided crosswise so that the daughter cells would receive dissimilar 
groups of biophors. The ordinary longitudinal division of the chromo- 
somes he called an equation division and the extraordinary hypothetical 


division during maturation the reduction division.” 

“The fulfilment of this prophecy by a host of different observers was 
a remarkable justification of the imagination in science. The reduction 
division in some form or other, often complicated and atypical, was 
revealed in type after type of animals and plants until today it is gen- 
erally if not quite universally accepted as a typical phenomenon of 
maturation.” 


Of course, the last sentence may be stretched to cover a multitude 
of views, but the idea which is conveyed to the student as one to be ac- 
cepted without question is that there is a transverse or cross division of 
chromosomes. Weismann realized that reduction in number of ‘‘ids”’ 
must occur before fertilization ; otherwise, the number would be doubled 
each generation. He predicted that reduction would be found to occur 
during maturation and suggested two ways in which it might be 
brought about, either by a sorting out of chromosomes into two 
similar groups, one of which would go to each pole without division of 
the constituent idants (chromosomes) or by a transverse instead of a 
longitudinal division of each individual chromosome. For the intrin- 
sic process, whatever the method, he proposed the term reduction 
division. The ordinary longitudinal division was already known as an 
equation division. 
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The cytologists of the time were quick to show that no transverse 
division of the chromosomes occurs and that Weismann’s first sugges- 
tion was the correct one. The mechanism which insures the separation 
of the members of the two groups is the initial reduction in number of 
chromosomes through the synapsis of longitudinally split homologues 
(pseudo-reduction) followed by their actual distribution to different 
cells by the two following divisions. The division which separates the 
parts of any chromosome derived from one parent from those derived 
from the other is the reduction division in Weismann’s sense for that 
particular pair of homologues. So much will do for the first two points, 
the last remains to be considered. 

3. The Historically Correct Usage of the Word Maturation as A pplied 
to Gametogenesis.—The early usage of the terms spermatogenesis, 
odgenesis and maturation was perfectly logical and clear-cut. One 
group of investigators was concerned with the origin and early history 
of the germ cells and called the entire process spermatogenesis in the 
male and oégenesis in the female. The other group was interested in 
the ripening (maturation) of the egg and its attendant phenomena. 

A brief survey of the two groups will make my point clearer. In 
the first, we find v. la Valette St. George who from 1865-76 published 
a series of four papers entitled, ‘‘ Ueber die Genese der Samenkérper.”’ * 
Much of our present terminology on spermatogenesis was proposed by 
St. George in the last of these papers. In this group fall, also, the fol- 
lowing men who were largely instrumental in developing the theory of 
the continuity of the germplasm; Richard Owen, 1849, called attention 
to certain distinctions between body and germ cells. Virchow, 1858, 
was led to enunciate his famous dictum, ‘Omnis cellula e cellula.” 
Certainly, recognition of the fact that cells arise only from preéxisting 
cells was an essential step in establishing the idea of the continuity of 
the germplasm. Jaeger, 1878, used the expression ‘‘Continuitat des 
Keimprotoplasma.”’ Credit for establishing this theory, however, 
goes to Nussbaum whose work, 1880, on the early development of the 
frog and trout led him to a clear statement of the concept of the con- 
tinuity of the germ cells and of the evidence for his conclusions. And 
finally, Weismann, 1883, directed attention to the bearing of the con- 
tinuity and comparative isolation of the germ cells on theories of evolu- 
tion and heredity. 

Leaving this hasty summary of the early work on spermatogenesis 
and odgenesis, let us turn to the other group of investigators: who were 
concerned with neither the origin nor the early development of the 
germ cells but with the maturation (ripening )of the egg. (As we shall 

* This was not the end of the series. 
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see, the sperm was not supposed to undergo such a process until Van 
Beneden recognized the essential feature of polar body formation to 
be the elimination of chromatin.) 

The gradual recognition of the essential features of the ripening of 
the egg may be summarized briefly as follows: The germinal vesicle 
was discovered by Purkinje, 1825. A polar body was first figured, 
apparently, by Carus, 1824, for a mollusk egg. Carus, however, gave 
no adequate description of the structure and offered no suggestion as 
to its function. Von Baer, 1827, noted in the hen’s egg the migration 
of the germinal vesicle to the periphery of the yolk and its disappear- 
ance. He believed both processes to be concerned with the maturation 
of the egg. Dumortier, 1837, saw and described the two polar bodies 
in a mollusk egg. He believed them to be the Purkinje (germinal) 
vesicle. F. Miiller, 1848, suggested that these bodies were concerned 
in the determination of the early cleavage planes and accordingly ap- 
plied the name “ Richtungsblaschen”’ to them. Robin, 1862, in recog- 
nition of this constant relation to the cleavage planes called them 
“‘Globules polaires,’’ hence our term polar bodies. Mark, 1881, was 
the first to suggest that the polar bodies should be regarded as rudi- 
mentary eggs. Somewhat earlier, 1875, Van Beneden wrote that 
maturation clearly consisted in the breaking down of the germinal 
vesicle, the formation of the polocytes and the return of the nucleus 
into the yolk. By 1883 the same author had worked out the relation 
of the chromatin to polar body formation and had recognized this as 
the essential feature of the ripening of the egg. He also noted the 
equivalence of the male and female pronuclei in regard to amount of 
chromatin. (The word chromosome was not coined until 1888.) He 
then prophesied that a process whereby the amount of chromatin is 
reduced would be found to occur in spermatogenesis, and later, 1887, in 
collaboration with Julin demonstrated such to be the case, and that 
the sperm as well as the egg underwent maturation, the essential 
feature of which is chromatin reduction. Only in later text-books do 
we find such a confusion of ideas as may be illustrated by this quota- 
tion: “The maturation of germ cells in the male is called spermato- 
genesis, in the female odgenesis.’’ Let me repeat that in contrast with 
the idea of maturation as a process concerned with the reduction in 
amount of chromatin the concept of gametogenesis includes the entire 
process from the time the germ cells are first recognized through multi- 
plication, growth, maturation, and in the male, transformation of the 
sperm. 

This may seem to be an unusual introduction to a scientific paper, 
but I can only add that in dealing with advanced students in Zodlogy 
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I have found their instruction faulty on the above points and believe 
that the confusion is not necessary. In any case, the present paper is 
concerned chiefly with the second of these points, the time of segrega- 
tion. The other two are matters of definition and priority of usage. 

The problem, then, is: When does segregation (reduction in Weis- 
mann’s sense) occur? As already shown, this question can apply only 
to individual pairs of homologues and not to either maturation division. 
Three conditions render the answer difficult. First, usually the homol- 
ogous chromosomes are indistinguishable morphologically. Second, 
parasynapsis is the method of union, at least in many forms, and is pre- 
ceded by the splitting of the homologues. Finally, the four chromatids 
which are parallel during part of the prophase, later form equal-armed 
crosses and figures of 8 in such a manner that the chromatids which are 
together in one arm or loop are separated in the next. 

Wilson, McClung and Wenrich are among the few who, when con- 
vinced of parasynapsis, recognized at once that, in view of the structure 
of the later prophase figures, they could not determine which of the 
four chromatids came from a given parent, and hence, which division 
separated sister chromatids and which homologues. 

We must resort then to other means for determining when segrega- 
tion occurs. Information is available from four sources. (1) Sex 
chromosomes, either XY pairs or the unpaired accessory chromosome; 
(2) Heteromorphic homologous chromosomes; (3) Polyploidy, and (4) 


Genetical evidence. The data from the first have been summarized, 
the last two will be considered in the discussion, while evidence to be 
presented concerns the second. When the homologues are unlike in 
size or shape it is a simple matter to observe when segregation occurs. 


Il. MATERIAL AND ACKNOWLEDGMENTS 


This detailed study of segregation of unequal homologues is based 
on males from one species, each, of three genera of short-horned grass- 
hoppers, distributed as follows: 71 Trimerotropis citrina from Kansas, 
Texas and Florida, 10 Mecostethus gracilis from Maine and Michigan 
and a number of Amphitornis bicolor from Kansas and Colorado. In 
each of these three species certain individuals have one or both of the 
two smallest pairs of chromosomes composed of homologues of different 
sizes. 

1 am indebted to Dr. W. R. B. Robertson for 7. citrina from Law- 
rence, Kansas and to Dr. H. B. Baker for M. gracilis from the Univer- 
sity of Michigan Biological Station near Cheboygan, Michigan. The 
work was done at the Marine Biological Station at Woods Hole and the 
Zodlogical Laboratory of the University of Pennsylvania. 
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III. OBSERVATIONS 


‘> Segregation of Unequal Homologues.—(1) Trimerotropis citrina:? 
A spermatogonial complex from a typical individual of this species 
consists of 23 telomitic chromosomes which may be arranged according 
to size in two groups. The first is composed of two small pairs. The 
members of one of these pairs are about two-thirds the size of those of 
the other pair. The second group consists of nine closely graded pairs 
and the accessory. There is a decided break between the two groups; 
as shown in Plate I, Fig. 1, the members of the smallest pair in the 
second group are more than twice the length of the members of the 
larger pair of the first group. In this and the following plate, the 
members of the two smallest pairs are shown in solid black in order to 
facilitate recognition. Figure 4 is a side view of a first spermatocyte 
from an individual with a spermatogonial complex such as has just 
been described, while Fig. 11 is a polar view of a second spermatocyte 
with a corresponding complex. 

Sixty of the seventy-one specimens studied are, chromosomally, of 
the sort just described, but the remaining eleven (nearly 16 per cent) 
have a different complex. These last have only three chromosomes in 
the small group, the two members of the smal! pair and one normal- 
sized member of the second pair (Figs. 2 and 3), but have an additional 


chromosome in the second group, which comes in the size series among 
the niembers of the third and fourth pairs. Study of the first and sec- 
ond spermatocytes shows the additional chromosome in this group to 
be the synaptic mate of one of the small chromosomes in the first group. 
The size relationship of the members of this unequal pair is shown most 
strikingly in side views of second spermatocyte anaphases (Fig. 10). 


2 Unfortunately, Dr. R. L. King, in a paper dealing with three species of Trimero- 
tropis, has used the name of a subgenus, Pseudotrimerotropis, as the name of the genus. 
Such a procedure is not justified, as will appear from the following statement. McNeill 
(1901), in his ‘‘ Revision of the Genus Trimerotropis,”’ arranged the species of Trimero- 
tropis in two subgenera, A gonozoa and Trimerotropis. Rehn (1901), pointed out that 
McNeill had placed the type species of Trimerotropis in his subgenus A gonozoa and 
used Trimerotropis s.s. for another subgenus. He added, “It is quite apparent 
Agonozoa is a synonym for restricted Trimerotropis and a new name is necessary for 
McNeill’s subgenus Trimerotropis. To supply the deficiency I propose Pseudo- 
trimerotropis.”” Kirby (1910) in his ‘‘Catalogue”’ used all three subgenera as genera. 
Caudell (1911), in a critical review of Kirby's catalogue, states: ‘‘ Pseudotrimerotropis 
Rehn, of which Trimerotropis vinculata may be taken as the type, is based on charac- 
ters which are not, in the reviewer's opinion, of generic importance and the genus 
should be sunk in synonymy under Trimerotropis.’’ The following statement by 
Rehn is appended as a footnote to Caudell’s article: ‘‘The name Pseudotrimerotropis 
was proposed to replace the restricted Trimerotropis of McNeill, true Trimerotropis 


being equal to his Agonozoa. The author of the name has never considered it of more 
than subgeneric rank.” 
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Lateral views of first spermatocytes show that the tetrad formed by 
this pair may divide either equationally (Fig. 5) or reductionally (Fig. 
6). Account of over 300 division figures in individual numbered 1571 
gave 90 per cent of the former to 10 per cent of the latter. An equa- 
tion division in the first spermatocyte is, of course, followed by a reduc- 
tion division in the second (Fig. 9), while a reduction division in the 
first entails an equation division in the derived second spermatocytes. 
The last are of two sorts in regard to the pair under consideration. 
Those which receive the small homologue are identical to the seconds in 
typical individuals; for example, compare the two small dyads in Fig. 
12, which is from specimen No. 1571 where the homologues are unequal, 
with those in Fig. 11, from an individual where these homologues are 
equal in size. The other sort have but one small dyad; the second is 
replaced by the large homologue as is shown in Plate II, Fig. 15. (This 
figure is also from individual No. 1571.) 

Another occasional condition sheds light on the variation in time of 
segregation of this pair and also on one of the functions of synapsis; 
namely, that it is a mechanism which insures segregation which, other- 
wise, does not necessarily occur. When unequal, these homologues at 
times come into the first spermatocyte metaphase as separate chromo- 
somes; whether they synapse and separate before the metaphase or do 
not synapse at all is not known. A count of 52 metaphases in another 
specimen (No. 1927) gave eight in this condition. Such first spermato- 
cytes contain thirteen chromosomes, three of which, the accessory and 
the unsynapsed, unequal homologues, are dyads. Any one of four 
results may occur as a consequence of such a condition. 1. One dyad 
may go toeach pole undivided. This is, in effect, a segregation division 
and gives second spermatocytes of the usual types. 2. Both may go to 
the same pole undivided. Thus, in effect, an entire tetrad goes into 
one cell while the other lacks any representative of these homologues. 
All chromosomes in both cells are dyads and will divide in the ensuing 
division. Inevitably, certain sperm will carry chromosome number 2 
in duplicate and should any of these fertilize an egg, the resultant 
zygote would necessarily be triplicate in respect to the factors carried 
by this chromosome. 3. Both may divide as shown in Fig. 7. This is 
in effect an equational division, but each of the resulting second sperma- 
tocytes receives two monads (Figs. 13 and 14) which are incapable of 
division at this time; one monad may pass into each spermatid, both of 
which would consequently contain a full complement of chromosomes, 
or both monads may pass into the same spermatid. The result in the 
last case is the same as in ‘‘2,” above. 4. One may divide while the 
other passes undivided to one pole. Figure 8 shows the larger dyad in 
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an equational division, while its small homologue is going undivided to 
one pole. One of the four spermatozoa derived from such a first 
spermatocyte would again contain this chromosome in duplicate; one 
would lack it completely; and two would be normal. All of the de- 
scribed conditions have been found except the converse of that shown 
in Fig. 8, where the small dyad divides and the larger one segregated, 
and I have little doubt that such complexes exist, also. One should 
bear in mind that while a tetrad can undergo two divisions without any 


EXPLANATION OF PLATES 


The complexes were drawn with the aid of a camera lucida at a magnification of 
2800 diameters. They were reduced } in reproduction. 
The chromosomes under especial consideration on each plate are in solid black. 


All lateral views of entire complexes, except Fig. 12, are from two and sometimes 
three sections. 


EXPLANATION OF PLATE I 


(Trimerotropis citrina, entire complexes) 


Fic. 1. Spermatogonium, polar view, too small pairs, 19 large chromosomes, 
(9 pairs and the accessory). 

Fic. 2. Spermatogonium, polar view, one small pair. The synaptic mate of 
the third small chromosome is one of the 20 large chromosomes of which there are 9 
pairs, the accessory, X, which is unpaired, and one medium-sized unpaired chromo- 
some. The chromosome set off by the dashed line is in the adjoining section but is 
obviously the homologue of the similar one near it. 

Fic. 3. Similar to the last (all chromosomes in one section). 

Fic. 4. First spermatocyte, side view, homologues equal; 60 of the 71 indi- 
viduals studied were of this type. Figures 1 and 11 illustrate the spermatogonia and 
second spermatocytes, respectively, which are characteristic for these specimens. 

Fic. 5. First spermatocyte, side view, homologues of one small pair unequal; 
from same specimen as spermatogonium shown in Fig. 3. Eleven out of 71 indi- 
viduals are of this type. Division of unequal pair equational. 

Fic. 6. Similar to Fig. 5. Division of unequal pair reductional. 

Fic. 7. First spermatocyte anaphase. Unequal homologues not synapsed. 
Both dyads dividing, in effect an equational division. 

Fic. 8. First spermatocyte anaphase from same specimen as Fig. 6. Dyads of 
unequal pair not synapsed; The larger dyad dividing equationally, the smaller 
segregating. 

Fic. 9. Second spermatocyte, polar view, derived from a first spermatocyte 
division such as is represented by Fig. 5. 

Fic. 10. Same type as preceding, side view. 

Fic. 11. Second spermatocyte, polar view, from one of the 60 typical specimens. 

Fic. 12. Second spermatocyte, side view, composition of small dyads identical 
to those in preceding cell but. derived through segregation of unequal homologues in 
the first spermatocyte. Drawings from same individual as Figs. 2 and 15. This cell 
received the smaller homologue, that shown as Fig. 15 the larger one. 

Fic. 13. Second spermatocyte, polar view, (type with accessory). Thirteen 
chromosomes, two of which are monads, derived from such a first spermatocyte as 
that shown in Fig. 7. 

Fic. 14. Second spermatocyte (type lacking accessory), side view, entire com- 


plex. Unequal homologues not synapsed. Both monads derived from such a first 
spermatocyte as is shown in Fig. 7. 
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extensive reconstruction, a dyad can divide only once, and a monad 
cannot divide at all but must simply pass to one pole. 

In three of the 71 specimens of this species studied the smallest 
pair also is composed of unequal homologues. But, the members of 
this pair ordinarily segregate in the first maturation division (roughly 
95 per cent of the observed instances) in contrast to about 90 per 
cent post-reduction shown by the pair just described. In this respect 
the smallest pair approaches the unequal pair in Brachystola magna 
(Carothers, 1913). 

Figures 16 to 19, inclusive, are from an individual in which the 
members of both small pairs are unequal. Figures 16 and 17 are in- 
complete lateral views of first spermatocyte complexes. The first 
shows both unequal tetrads dividing equationally, the latter the smaller 
pair dividing reductionally. Figures 18 and 19 are from second 
spermatocytes and show the segregation which follows an equational 
division of the first spermatocyte, such as is represented in Fig. 16. 
In case segregation occurs in the first division, as illustrated in Fig. 17, 
the second spermatocytes show a simple equational division of dyads 
with like chromatids. 


EXPLANATION OF PLATE II 


Fic. 15. Second spermatocyte, polar view, only one small dyad. The homo- 
logues of the unequal tetrad segregated in the preceding division and this cell re- 
ceived the larger component. 

Fic. 16. Part of first spermatocyte complex, side view, showing both small 
tetrads unequal and dividing equationally. 

Fic. 17. From same individual. Smallest tetrad dividing reductionally. 

Fic. 18. Part of second spermatocyte metaphase, side view, members of small- 
est pair dividing reductionally. 

Fic. 19. Similar to preceding, both small pairs dividing reductionally. 

Fic. 20. Lateral view, first spermatocyte anaphase, Mecostethus gracilis. 
Homologues of both small pairs unequal. The members of one pair have segregated; 
those of the other pair have divided equationally. 

Fic. 21. Slightly earlier stage than the preceding, both of the unequal tetrads 
dividing equationally. 

Fic. 22. Second spermatocyte, polar view, same species. Segregation division 
for unequal homologues of both small pairs. 

Fic. 23. First spermatocyte anaphase, side view, Amphitornis bicolor, both 
small tetrads unequal and dividing equationally. 

Fic. 24. Second spermatocyte, side view, from same species showing reduc- 
tional division of the two small pairs. 

Fic. 25. Sister second spermatocyte metaphases, Amphitornis bicolor, side 
view, one dyad caught in plate at preceding division. One monad free in each cell. 

Fic. 26. Unequal tetrads in late prophase, T. citrina. Newly acquired portion 
more dense. 

Fic. 27. Same in Mecostethus gracilis. Note the tendency for the newly ac- 
quired portion to organize itself into chromomeres. 

Fic. 28. Late prophase tetrads T. citrina, showing chromomere vesicles. 
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Let us consider briefly the other two species. (2) Mecostethus 
gracilis: This species along with others of this genus has been studied 
in detail by Prof. C. E. McClung and I shall refer to it only in regard to 
the point in question. 

The first five males to be added to our collection were taken at 
Salisbury Cove, Maine, in the summer of 1923. All show the second 
pair unequal and two out of the five have both small pairs unequal. 
The specimens taken near Cheboygan, Michigan, are of especial interest, 
for while some of them are of the types just mentioned, others supply 
a link which although not unknown in other species, has been lacking 
hitherto for both M. gracilis and T. citrina; namely, they are of the 
theoretically expected type with the second tetrad composed of two 
large homologues. While this condition automatically throws the te- 
trad out of its usual place in the size series, it is still readily recognized 
by certain peculiarities. 

As to time of segregation, the homologues of both pairs when un- 
equal may undergo either pre- or post-reduction. A count of 150 cells 
from three consistent individuals gave a ratio of pre-reduction to post- 
reduction for the second pair of 1:8, while the ratio for the first pair 
derived from a count in 63 cells was 1:12, which is not very different 
from that for the second pair. The numbers were not extended be- 
cause counts from another specimen demonstrated that the range of 
variation from individual to individual is such that ratios may have no 
significance. Both small tetrads in this specimen are unequal and no 
attempt was made to distinguish between them further than to ascer- 
tain that both varied as to time of segregation. A count in 55 cells 
gave a combined ratio of approximately 1:1. Evidently either one 
or both of these tetrads in this individual behaves differently from 
either of them in the other three individuals. A closer study might 
reveal a corresponding morphological variation such as Wenrich 
(1916) found for tetrad C in Phrynotettix. Drawings from M. gracilis 
are shown on Plate II. Figure 20 is from a side view of a first sperma- 
tocyte anaphase. One pair was dividing equationally, the other reduc- 
tionally. Figure 21 is a similar view from a slightly earlier stage in 
which both pairs were dividing equationally. Figure 22 is a polar view 
of a second spermatocyte metaphase illustrating post-reduction for 
both pairs. 

(3) Amphitornis bicolor: Individuals of this species also may have 
either one or both of the two smallest pairs unequal. Our material 
is interesting for several reasons: in the first place certain individuals 
were collected by Dr. W. S. Sutton at Russell, Kansas, over 30 years 
ago, others were taken by myself in 1919 and 1921 at three widely 
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separated localities in Kansas and in the vicinity of Pike’s Peak in 
Colorado, so that the range of this material both in area and time is 
considerable. 

The unequal homologues in this species show a much greater pre- 
disposition than in either of the others towards post-reduction. Pre- 
reduction occurs in not over 1 per cent of the cases noted. 

Figure 23 is a lateral view of a first spermatocyte anaphase and 
Fig. 24 a similar view of a second spermatocyte metaphase; both show 
post-reduction for these two pairs. 

2. Chromomere Vesicles and the Origin of These Unequal Homo- 
logues.—Most cytologists who have studied unequal homologues have 
reported, without very satisfactory evidence, however, that the in- 
equality was due to a loss of chromatin by one member of the pair. 
This doubtless is the cause sometimes, but I believe that in the three 
species concerned in the present paper all of the inequalities described 
are due to increases; and, furthermore, these increases are not fictitious 
ones due to chromatin which belongs to some other chromosome having 
been acquired by these enlarged homologues. I am convinced that the 
increase is brought about by the transformation of terminal granules 
into chromomere vesicles which become densely chromatic and are 
maintained. An idea of the process may be gained from Plate II, Figs. 
26,27 and 28. Vesicles such as are shown in the last figure take a dense 
chromatic stain in earlier stages when the chromatin threads stain very 
lightly. Gradually, as the threads take a more dense stain the vesicles 
become less densely stained until at one point the vesicles are seen to be 
filled with a flocculent chromatin which is the same in appearance, 
practically, as that in the chromatin thread. (These observations 
have been verified by the use of Feulgen’s nucleal reaction which gives 
results similar to iron-hematoxylin for chromomere vesicles.) Ordi- 
narily, the vesicles continue to lose their staining capacity until they 
become indistinguishable. That they really may be persistent struc- 
tures, however, is indicated by the fact that they have been recognized 
in both metaphases and early anaphases. Certainly, in spermatogene- 
sis they are always associated in the prophases with definite chromo- 
meres of particular chromosomes (Carothers, 1913, p. 498). Wenrich 
was the first to note that these vesicles may be terminal instead of 
subterminal. He wrote (1916, p. 113), “Are polar granules to be 
classed in the same category as the plasmosomes (chromomere ves- 
icles)? Is it possible for a polar granule to become transformed into a 
plasmosome and then back into a polar granule again? The last ques- 
tion seems to be answered in the affirmative by the conditions in 
Phrynotettix. In the case of B, for example, one of the proximal 
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granules becomes ‘‘expanded”’ in only about 16% of the cases counted. 
In becoming expanded it has become a plasmosome. When it is not 
expanded, it remains a polar granule.” Wenrich regarded the larger 
homologue as the normal type and believed that a loss of chromatin 
had occurred and, hence, did not suspect that this “‘expanded”’ condi- 
tion might lead to a permanent enlargement. I believe this, however, 
to be the logical conclusion, since growth of chromosomes involves a 
similar mechanism. After each cell division, the chromosomes become 
diffuse or “expanded”; in many instances, they form chromosomal 
vesicles; when they again condense, they have grown back to a size 
characteristic for each ; that is, they have doubled their mass during the 
period of diffusion and are now ready for another division.* 

Whatever the function of chromomere vesicles, granting, as seems 
likely, that they have some specific function, the associated effect is, 
in some instances, a prolonged period of diffusion (e.g., Phrynotettix) 
which may well lead to a differential increase of chromatin for the 
chromomeres concerned. The same mechanism may function equally 
well to secure reduction in size of chromomeres if the period of conden- 
sation is prolonged and the period for growth (expansion) consequently 
shortened or, as is usually the case, the periods of condensation and 
diffusion may be so balanced as to maintain a constant size. Figure 27 
from M. gracilis is of particular interest as it indicates that these en- 
larged terminal vesicles may be organized finally into chromomeres. 
See also McClung, 1928. Plate XXVIII, Figs. 51d, 53 and 56. As 
already mentioned, in certain members of this species from Michigan 
both homologues of the second pair are of the large type. The tetrad 
formed by such a pair loses its usual position in the size series but is still 
recognizable as it forms a ring instead of the V which is characteristic 
for tetrads of this genus. 

If my suggestion is correct, then new chromatin has been organized 
to form a permanent component of the complex; and, granted that the 
chromatin bears hereditary factors, a mechanism for progressive 
changes is shown. In other words, if the chromomere vesicles charac- 
teristic of certain chromosomes are capable of a permanent modification 
in kind or amount of chromatin in response to a changed environment 
with its resultant need for an altered metabolism, these changes would 
be adaptive in character. 


3 W. E. de Mol (1927), in reference to Hyacinthus orientalis, states that the chro- 
mosomes probably receive material from nucleoli either at permanent secondary con- 
strictions or by satellites which are really nucleolar globules not taken up in the 
chromosomes. 

4Gertrand Hasse-Bessell (1928) believes that the satellites are differentiated 
portions of chromosomes, organs for assimilation of chromatin, and that the satellite 
is the morphological expression of chromatin absorption on its active surface. 
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Attention should be called to the fact that in the Orthoptera the 
only homologous chromosomes which have been found to be unequal in 
size are those which form the two or three smallest tetrads and these 
are precisely the ones which are usually characterized by chromomere 
vesicles. 

3. An Accident During Mitosis, A. bicolor—Ten or twelve second 
spermatocytes in one individual show a dyad caught in the “ zwischen- 
kérper,”’ resulting from the first spermatocyte division, with one 
chromatid in each daughter second spermatocyte (Plate II, Fig. 25). 
The abnormality is due, apparently, to some slightly pathological state 
which existed at the time of the first spermatocyte divisions and seems 
worthy of record as a morphological condition which may explain oc- 
casional aberrant genetical ratios. My expectation was that the 
trapped dyad in each case would be found to belong in one or the other 
of the second spermatocytes concerned, and that one of them would 
possess a normal dyad derived from the same tetrad. Drawings of 
entire complexes show, however, that each of the affected seconds actu- 
ally have their normal number of chromatids, since there is a monad in 
each equatorial plate which, together with the monad of the trapped 
dyad in the corresponding cell, accounts for the components of the 
expected dyad. Figure 25 shows the chromosomes of two second 
spermatocytes derived from one such first. The upper complex con- 
tains eleven dyads including the accessory, which is easily recognized 
by its roughened outline and one monad. The lower complex contains 
ten dyads and one monad. A small segment of the boundary between 
the two cells is represented together with the trapped dyad. In the 
drawings the two equatorial plates are placed nearer together and con- 
sequently nearer the median cell boundary than they actually are for 
the sake of economy of space on the plate. 

Stages later than that shown were not available, but the monads in 
the equatorial plates would behave, doubtless, as other monads in 
similar situations; that is, each would pass to one pole without division 
so that of the four spermatids derived from these two cells, two would 
be normal and the nuclei of the other two would lack one chromosome 
with the result that an egg fertilized by one of the latter would be hap- 
loid for this chromosome. The additional possibility exists that the 
monad left at the cell boundary may form a chromosomal vesicle and 
migrate to join with the pronuclei in fertilization, in which case the 
production of individuals triploid for this chromosome would follow 
fertilization by any sperm which received both monads. 

4. Incipient Octad Formation—T. citrina, individual No. 4853.— 
This specimen, in addition to being one of the eleven T. citrina which 
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have an unequal pair of homologues, exhibits a tendency on the part of 
two non-homologous pairs to form a multiple. On account of the 
latter peculiarity, this specimen yields interesting evidence on three 
points: (1) an unusual mode of octad formation; (2) the behavior of 
spindle fiber attachments; and (3) the time of segregation. The indi- 
vidual is one of fifteen taken at Kingman, Kansas, and is the only one of 
the 71 T. citrina studied which shows any tendency toward multiple 
formation. The insect seems to be typical externally and the testes 
are normal. 

The occurrence of octad multiples was predicted by McClung 
(1905). They were first recognized by Woolsey (1915) in Jamaicana, 
and Robertson (1916) correctly suggested that the three atelomitic 
rings in the first spermatocytes of Stenobothrus and Chloéaltis were 
octads. They have since been found in Hesperotettix, Circotettix, 
Stauroderus, and a subtropical genus, Sphenarium. The number of 
multiples is constant for species and perhaps even genera in Stenobo- 
thrus, Chloéaltis and Circotettix. McClung (1917) has shown that, on 
the other hand, in Hesperotettix viridis there is considerable variation 
within the species, but constancy for any given individual. The 
specimen of T. citrina under consideration is unique in that it shows 
variation from cell to cell within the individual, ranging in the first 
spermatocytes from no multiple through an octad with one homologue 
of each tetrad united by their distal ends to those where both pairs are 
so associated. This attachment at the distal ends is another point of 
difference between this multiple and those previously described where 
the union occurs at the ends associated with the spindle fibers. 

The two pairs concerned are of intermediate size, one somewhat 
larger than the other, as may be seen in the spermatogonium figured 
(Plate III, Fig. 29). Here two non-homologous chromosomes (solid 
black) are united at their distal ends. One is perhaps one-fourth longer 
than the other. The homologue of each is free and indistinguishable 
among the other members of the complex. This is the only clear 
spermatogonial complex which was obtained, though some cells seem 
to show the full complex of 23 chromosomes and others to have two 
multiples resulting in 21 chromosomes. 

The first spermatocytes show much variation in the behavior of 
these two tetrads. The more usual condition is for them to form a 
ring-shaped octad (Plate III, Figs. 30 and 35d). Its structure is easily 
understood by comparison with the two tetrads represented in solid 
color in Fig. 31. This is a drawing of one of the few first spermatocytes 


5 These unequal homologues segregate in either division as in the preceding 
instances. They are not inked in solid in this case as the peculiar behavior of the 
two pairs concerned in octad formation is emphasized in this manner. 
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where no octad has been formed. If the free ends (the ends not asso- 
ciated with the spindle fibers) of these tetrads are joined and the fiber 
attachments remain as they are in the separate tetrads, the result is 
the octad ring. 

Morphologically, this ring differs widely from the octads of Steno- 
bothrus, Hesperotettix and Chloéaltis, in which the open part of the ring 
lies in the plane of the spindle and where there are but two places for 
fiber attachments. In the present instance the open part of the ring 
lies in the plane of the equator and there are four loci for fiber attach- 
ments (two for each of the component tetrads). In Circotettix, as I 
pointed out in 1921, the octad often is indistinguishable from the 
atelomitic tetrad. As to the origin of these three different types of 
rings; the atelomitic tetrads have come about, apparently, from a shift 
of fiber attachment. The octads of Circotettix, Hesperotettix, and prob- 
ably those of Stenobothrus and Chloéaltis have been formed by union at 
the ends to which the fibers attach, while in this individual the union 
has occurred at the distal ends, and fiber attachments have remained 
constant though in certain cases those on one of the tetrads do not 
function. 

This brings up the other forms the octad may assume. Next to the 
ring the most common form is that where the tetrads are united by one 
arm only as seen in Figs. 32, 35a, 35c, 35e and 36. Such forms are the 
logical descendants of spermatogonia similar to the one represented in 
Fig. 29 where one homologue of each pair is free. For this type one 
can say with assurance that segregation occurs in the second division. 
See Figs. 39 and 43, second spermatocyte anaphases, where an inverted 
V comparable to the V in the spermatogonium, Fig. 29, has segregated 
from the two free homologues which were not identified in the sperma- 
togonia. This is the only form which this multiple assumes where one 
can be certain as to which is the segregation division. One who did 
not know the synaptic relations might conclude that whatever type of 
division was occurring in the multiples represented in Figs. 33 and 34, 
the opposite type was represented in Figs. 32, 35a—e, and 36, but this 
assumption is not justified because the chromatids of the individual 
tetrads have been through a period of parasynapsis; consequently, it is 
not possible to say which chromatids are derived from different 
parents. 

The third form in point of frequency of occurrence is like the first 
in that the homologues of the two tetrads are united at the ends which 
ordinarily would be free, but the dyads of the smaller tetrad are not 
united with each other (Figs. 33, 34 and 356). As to the origin of such 
forms, the synaptic ends of the small pair may be unable sometimes to 
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get together as a result of their position at the ends of the longer pair 
so that what synapsis occurs is merely a continuation of that of the 
latter and must proceed in a direction reverse to normal. This, I am 
inclined to believe, is the explanation of such forms; although they may 
be due to a separation of the smaller homologues after synapsis. The 
end result is the same in either case. The fibers on either the larger or 
smaller (but not on both) of the tetrads function in such octads. Fig- 
ure 33 is of interest as evidence of a struggle for supremacy between the 
fibers to the two tetrads. While those of the smaller tetrad have 
gained the ascendancy, there is a distinct torsion of the arms of the 
larger tetrad; indeed, from this figure there might be doubt as to 
whether the long arms would not yet swing into the equator and the 
division occur in the opposite plane. The similar octad shown in Fig. 
34, however, has reached a stage where there is no reasonable doubt 
that the division will occur in the plane indicated in Fig. 33. 

A fourth type (Fig. 35f), although found only once, is of especial 
interest, since such a division would give an entire tetrad to each 


EXPLANATION OF PLATE III 


Trimerotropis citrina, specimen No. 4853 
(Multiple solid black) 


Fic. 29. Spermatogonial complex, polar view. Two non-homologous chromo- 
somes united at their distal ends. 

Fic. 30. First spermatocyte, polar view, octad multiple in form of ring. 

Fic. 31. First spermatocyte, polar view, 12 chromosomes. Components of 
octad ring shown in 30 appear as two separate tetrads. 

Fic. 32. First spermatocyte, side view, members of octad united by only one 
arm of each. Entire complex not shown. 

Fic. 33. First spermatocyte, side view, not complete. Members of octad 
united by both arms, dyads of smaller tetrad separated but retaining their fiber 
attachments. 

Fic. 34. Similar to preceding. 

Fic. 35. Various forms which the octad assumes in the first spermatocytes. 
Fig. 35f would result in segregation of entire tetrads. 

Fic. 36. Similar to Fig. 32. 

Fic. 37. Second spermatocyte, polar view, entire complex. Multiple such as 
would be derived from octads shown in Figs. 33 and 34. 

Fic. 38. Second'’spermatocyte, polar view, entire complex, derived from such a 
first spermatocyte as is shown in Fig. 31. 

Fic. 39. Second spermatocyte, side view of anaphase, entire complex. Mul- 
tiple derived from forms like those shown at Figs. 32, 35a, 35e and 36. 

Fic. 40. Polar view of such a second spermatocyte multiple in metaphase. 

Fic. 41. Second spermatocyte, polar view, multiple derived from ring octads 
like those shown in Figs. 30 and 35d. 

Fic. 42. Second spermatocyte metaphase, oblique view, multiple, a modifica- 
tion of type shown in preceding figure. 

Fic. 43. Entire complex similar to that shown in Fig. 39 except that this one 
contains the accessory while the other lacks it. 

Fic. 44. Partial complex similar to one shown in Fig. 41. 





MATURATION AND SEGREGATION 


PiatTeE III 


Ms Ae 
WS. IS .. 


o 
aaa cof a 
mhNows 


SY ee8 oo 
8 Ck Ss 
Ors 
38 

JIN 
Booty he 

NT 

ye | 

EQ wy i 


o) S 





346 E. ELEANOR CAROTHERS 


derived second spermatocyte while all four of the resulting spermatozoa 
would lack one member of the normal haploid series and be duplex for 
another. If such spermatozoa should fertilize eggs, the new indi- 
viduals would be haploid for one member of the series and triploid for 
another, while the number of chromosomes would remain normal. 
The structure of the octad may be understood by assuming that an 
octad similar to the one illustrated in Fig. 30 rotated 90° about an 
axis passing through the points of union of the two tetrads in a plane 
vertical to the equatorial plate. All of the normal spindle fiber at- 
tachments were functioning. 

In the second spermatocytes, one finds an unusual series of forms 
which would be very puzzling without a knowledge of the variations 
occurring in the first spermatocytes. Figure 38 illustrates the ordinary 
12-chromosome form which results as one of the daughter cells from the 
division of such a first spermatocyte as that represented in Fig. 31. 
The form of multiple which is shown in Fig. 37 may be derived from a 
first spermatocyte multiple like that in Fig. 35d with only the fibers to 
the larger member acting in this division as in the first, or from those 
of the type figured in 33 and 34 with the fibers to the larger component, 
which were in abeyance at the first division, functioning. In any case, 
half of the normal spindle fibers have failed to operate, in counter- 
distinction to the remaining instances where, in both divisions, all of 
the fibers normal for the two separate tetrads have functioned, although 
half of them would have been sufficient for the necessary distribution of 
the parts of the octad. 

Figures 39 and 43 show entire complexes in anaphase; one lacks, 
the other possesses, the accessory. The multiple in both is of the type 
which results from an association of only two dyads, one from each 
tetrad, giving an inverted V to one pole and two free rods to the other. 
The appearance of such a multiple in metaphase is shown in Fig. 40. 
Figures 41 and 44 show the multiple derived from first spermatocytes 
like those illustrated in Figs. 30 and 35d where both ends are united. 
The result, in this division, is an inverted V to each pole. 

To summarize: 

1. This multiple is not constant for the individual. When present, 
it is formed by union of the distal ends of the chromosomes, in this 
respect resembling certain Oenothera multiples rather than other 
Orthopteran octads. 

2. Ordinarily each chromatid of a chromosome has a functional 
spindle fiber. In this octad, instances occur where only half of them 


function, e.g., Figs. 33, 34 and 37. Figure 33 indicates competition 
between the two sets. 
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3. Second spermatocytes show clearly both pre-reduction, Fig. 37, 
and post-reduction, Figs. 39 and 43. 


IV. Discussion 


Let us consider the four sources of information as to time of segrega- 
tion mentioned at the end of section I. (1) Sex chromosomes, as al- 
ready shown, may undergo either pre- or post-reduction, but one or the 
other is constant for any particular species. 

(2) Heteromorphic Homologous Chromosomes.—So far as the unequal 
tetrads are concerned, similar conditions exist in other species in our 
collection, but the observations here presented together with those pre- 
viously published, Carothers, 1913; Wenrich, 1916; Robertson, 1916, 
are believed to be sufficient to demonstrate the range from 100 per cent 
pre-reduction to 100 per cent post-reduction. In heteromorphic pairs 
(Carothers, 1916, 1921), where the difference is associated with spindle 
fiber insertion, segregation has been found to occur only at the first 
maturation division. Probably the reason for this is to be found in the 
mechanical conditions involved. Certainly, we should not assume 
from this that when these tetrads are composed of homomorphic dyads 
they also segregate at the first division.® 

(3) Polyploidy.—In GEnothera and Datura mutants where the nor- 
mal complex has become unbalanced, the extra dyads are reported to 
segregate at the first maturation division. But to demonstrate that 
such behavior is invariable would require a very detailed examination. 
On the other hand, Lesley and Frost, 1928, reported, ‘‘ additional chro- 
mosome fragments,”’ in two extreme ‘‘small’’ Matthiola plants. In both 
plants these ‘‘fragments’’ (supernumaries?) segregate at either divi- 
sion. This behavior agrees with that of the unsynapsed dyads reported 
in this paper which are shown also to segregate at either division. 

(4) Genetical Evidence.—Allen, 1924, from a study of inheritance of 
non-sex-linked characters in the four clones of Spherocarpos derived 
from one pollen mother cell concluded that, ‘“‘in some way qualitative 
segregation can be brought about in both divisions.” 

Whiting, 1924, concluded that in the parasitic wasp, Habrabracon 
(Hadrobracon), ‘‘The first maturation division of the egg may be either 
equational or reductional for various loci apparently according to 
chance.” His data was obtained from females heterozygous at four 
loci. 

Similarly, Goldschmidt and Katsuki, 1928, in a combined cytologi- 
cal and genetical study of a mosaic gynandromorph strain of Bombyx 


* For additional discussion of segregation of sex-chromosomes and heteromorphic 
homologues, see Carothers, 1926. 
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mort, showed that a non-sex-linked recessive gene for skin transparency 
may segregate at either maturation division. 

Briefly, then, both cytological and genetical data justify the follow- 
ing conclusion: Reduction in number of chromosomes should not be 
confused with the segregation (reduction) division which applies only to 
individual pairs. Reduction in number of chromosomes is brought 
about by synapsis, while segregation of the parts of the tetrads derived 
from one parent from those derived from the other results from the 
two maturation divisions which follow each other in rapid succession 
and together separate the four chromatids of each tetrad into different 


cells. 
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THE SIZE OF THE BODY AND THE SIZE OF THE 
ENVIRONMENT IN THE GROWTH OF 
TADPOLES 


EDWARD F. ADOLPH 


(From the Physiological Laboratory, The University of Rochester School of 
Medicine and Dentistry, Rochester, N. Y.) 


INTRODUCTION 


Body size is influenced to varying degrees by environmental condi- 
tions in the several phyla of organisms. Among aquatic animals, in 
general, it has long been known that adult size and rate of growth are 
functions of the volume of the water available as well as of the more 
usually limiting environmental factors of food supply and temperature. 
In the mammals it is generally assumed that the average rate of growth 
is the optimal rate of growth, and that mean adult body size represents 
the product of internal regulatory functions. But in poikilothermic 
animals it is apparent that body size is equally controlled by conditions. 
The readiness with which the body size of these animals responds to 
external factors presents an opportunity for experimental analysis of 
some of the size regulators. 

Numerous qualitative observations upon the growth of tadpoles in 
crowded and uncrowded situations have indicated that there exist 
marked effects of the size of the environment upon body size at any 
given age (Pfliiger, 1883; Yung, 1885). The natural assumption was 
that the effects were due to deleterious substances accumulating in the 
medium. But the experiments of the above investigators, and of Bilski 
(1921) and Goetsch (1924), threw grave doubts upon this view, and 
indicated that a truly spatial influence was at work. A chemical influ- 
ence seemed merely pathological, but a physical influence seemed worthy 
of experimental analysis. It was for the purpose of discovering the 
nature of this spatial factor and its quantitative effectiveness that the 
following measurements were undertaken. 


METHODS 


For the objective in mind, the best criterion of body size was the 
body weight. This was measured by weighing one or more individuals 
in a manner which gave strictly comparable results. All weighings were 
done in duplicate. 
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Tadpoles above 100 milligrams in weight were separated from the 
water by pouring the latter into a sieve. The food material and the 
debris were then allowed to remain in the sieve while each tadpole was 
picked up with a perforated spoon and transferred to a dish of clean 
water. All the tadpoles were then sieved together from the clean water 
and emptied onto filter paper, from which they were poured into a tared 
weighing bottle. 

Smaller tadpoles were usually too delicate to endure the draining on 
filter paper. They were poured into a tared Gooch crucible, the crucible 
was drained and wiped thoroughly and then put into the weighing bottle. 
For tadpoles less than 20 milligrams each in weight, it was necessary to 
have in addition a tared amount of water within the weighing bottle. 
For duplicate weighings the draining and taring were repeated. When 
the tadpoles were drained in a Gooch crucible, more water clung to the 
tadpoles than when the tadpoles were drained on filter paper. A small 
correction for this water could be made by inference from older tadpoles 
that could be weighed both with and without the crucible. Cultures of 
less than four individuals could be weighed with sufficient accuracy only 
after sizes of 40 milligrams or more had been attained. 

For embryos not yet hatched from the gelatinous membranes, body 
volumes were estimated from microscopic micrometer measurements of 
two diameters. The specific gravity of the embryos was assumed to be 
1.04; Bialaszewicz (1908) found that the specific gravity gradually 
changed from 1.08 to 1.03 during the development of frog eggs up to 
the time of hatching. 

The plan of the experiments was to keep the tadpoles under as uni- 
form conditions as possible. All eggs in comparable experiments were 
derived from a single clutch or brood, and all clutches of Rana pipiens 
were collected in one small stream. It is believed that paternity as 
well as maternity is uniform within each clutch. Tap water was the 
medium used throughout the experiments, the water usually being al- 
lowed to stand in large bottles before use, so that when used all com- 
parable cultures received uniform samples of water at the proper tem- 
perature. Food, consisting of Spirogyra, Vaucheria, and other alge as 
collected, was supplied in such amounts that it was always available to 
the tadpoles. A certain number of living and dead small animal bodies 
were available as food in this material, and when any of the experi- 
mental tadpoles died they were usually eaten by the survivors. For the 
most part the tadpole cultures were in pyrex dishes; but in every case 
dishes of the same size and material were furnished to comparable cul- 
tures. Most of the cultures were maintained under constant tempera- 
ture conditions. These conditions were secured by keeping each dish, 
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covered, in a small room which was cooled by air drawn from an adja- 
cent refrigerator room by a fan that went into action whenever the at- 
mosphere attained a certain temperature. In this way for months at a 
time the temperature of the water was kept at 19.0° + 0.2° C. 

The chief observations were made on Rana pipiens; but supplemen- 
tary measurements were carried out on Rana sylvatica, which is char- 
acterized by markedly different absolute body sizes. 


3500 


; | 


120 
Fic. 1. Growth in weight of Rana pipiens at 19° C. under optimum conditions. 
Within the first fifteen days after fertilization the body weight was determined by 
weighing 64 individuals together; thereafter single isolated individuals were 
weighed. Individual Uj began development on April 9, 1929; individual Xa be- 
gan on April 25, 1930, and was voluntarily discontinued on June 9, 1930. 


NorMAL GrowTH CURVE 


No curve of growth at constant temperature is known for any 
species of amphibian. For this reason the increases of body weight 
with time under the optimum conditions of the present experiments are 
presented. It must be understood that under other conditions, such as 
with another food, or in still larger aquaria, or with another race of 
Rana pipiens, the rate of growth may be quite different. 

The body weight throughout the entire life span is represented in 
Fig. 1 for a single individual, from fertilization until after metamorpho- 
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sis. This individual (Uj) grew in a volume of 500 cc. of water that 
was changed weekly. Before hatching from the egg membranes, tad- 
poles increase in weight only very slightly; this brief period has been 
accurately studied by Bialaszewicz (1908). Thereafter body weight 
increases rapidly for two or three weeks; it is believed by Krizenecky 
(1917), Fauré-Fremiet (1923) and others that during a large part of 
this period growth may proceed without food. Thereafter percentage 
growth increments decrease markedly. This decrease is probably due 
to adverse conditions of unknown kind, since all the cultures were re- 
tarded at the same time. But actually no individuals of Rana pipiens 
have been cultured without relatively slow growth for some weeks be- 
fore the maximum weight was attained preceding metamorphosis. This 
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Fic. 2. Frequency distribution of embryo volumes measured on brood E. 
Each of the 212 individuals, in the yolk-plug stage, was measured with an ocular 


micrometer in two diameters; the volume of each was calculated as length X square 
of breadth x 7/6. 


point will be mentioned again. Metamorphosis is marked by a stop- 
page of weight increase and then a sudden loss of over half the body 
weight. The loss of weight is one of the first sharp signs of meta- 
morphosis that can be detected. The changes at metamorphosis will 
be discussed in the next paper. 

The present experiments are concerned chiefly with growth up to 
1000 milligrams. Figure 1 shows that the rates of growth were not 


identical under the optimum conditions in broods U and X. 
24 
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The first point on the growth curve, which is the egg weight, was 
always determined not by measurement of the single egg but by meas- 
urement of a large sample of eggs from the clutch. A frequency dis- 
tribution for egg volume is obtained which is always approximately 
normal, as is shown for one large sample in Fig. 2. Only small dif- 
ferences in mean embryo volume (less than 25 per cent) were found 

















Fic. 3. Growth in weight of brood X at 19° C. under optimum conditions. 
Weight is plotted, as in all the subsequent charts, on a logarithmic scale. Solid 
points represent 64 or 32 individuals weighed together; open points, single indi- 
viduals isolated in 1000 cc. of water. 


between the first cleavage stages and late gastrula stages. This conclu- 
sion may also be drawn from the data of Bialaszewicz (1908) on Rana 
temporaria, though some data of Morgan (1906) seem to indicate a 
significant increase of total volume during blastocoele formation. 
Altogether over 800 embryos of Rana pipiens have been measured, 
with a mean weight of 5.87 milligrams. Significant differences occur 
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between broods of Rana pipiens from the same pond, the extreme broods 
of the ten broods measured having means of 3.30 and 8.35 milligrams. 

It was shown by Halban (1910) and Terroine (1921) that egg sizes 
are determined in considerable part by the sizes (or ages) of the parents. 
Chambers (1908) believed that the size of the individual egg was of 
great consequence in the future growth of the individual, but his data 
were hardly concuisive on this point. 
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Fic. 4. Growth in weight of Rana pipiens in the wild. Most egg-laying in 
the season of 1927 occurred on April 18th in this pond. Group ¢ represents tad- 
poles sampled from a circumscribed region of the small stream in question; Group 
& represents tadpoles sampled from the whole stream 500 yards in length. . Each 
weight plotted is the average of 4 to 11 newly collected individuals for ¢ and of 
. to 46 individuals for u. The noon-day temperatures of the water are plotted 
also, 


A curve for optimal growth (Xa) is plotted upon a logarithmic scale 
of body weights in Fig. 3. The most interesting feature of this method 
of representation is that in most cultures a certain region of the graph 
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of growth is a straight line. “ Logarithmic growth” begins at hatching 
of the embryo and continues under the best conditions at 19° C. for two 
weeks. During this period the body weight doubles every two and a 
half days. Thereafter the percentage increment in weight falls off 
continuously, though it is sometimes possible to find another straight 
line on the logarithmic scale lasting from three until about six weeks 
after hatching. The logarithmic scale emphasizes the early parts of 
the growth process; it minimizes to the eye the contrasts in weight that 
will be presented below. 














0 : 8% 
Fic. 5. Growth in weight of brood C at two different temperatures. Each 
group or culture contained 32 individuals; a and b were kept at 17° + 1° C., c and 
d were kept at 9.5° + 1° C. 


It is generally considered that ideal growth is logarithmic; that 
increment of body substance should every day be proportional to the 
substance already present. The maintenance of the logarithmic rate 
for the two week period at 19° C. is remarkable because of the fact that 
during this period the percentage water content of the tadpoles under- 
goes huge changes, as is known from the data of Davenport (1897), 
Galloway (1900), Schaper (1902), Bialaszewicz (1912) and others. 
The decreased logarithmic rate thereafter might be easily pictured in 
terms of Herbert Spencer’s (1866) conception that some limiting factor 
becomes inadequate to keep up with the mass requirement, perhaps a 
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factor of intake or of elimination of some substance. It may be said 
that such a factor prevents much further enlargement of the tadpole 
body, but that after metamorphosis new factors are at work so that 
logarithmic growth begins again, judging from the meagre data on the 
growth of the adult frog summarized by Donaldson (1911). 

Although logarithmic increases of weight are found in many kinds 
of organisms, and although logarithmic scales have been used in graph- 
ing the present data, it must be stated that there is no intention of 
emphasizing those portions of the growth curves in which the logarithm 
of the body weight is linear. Some of the data, as those in Fig. 5, may 
be accurately represented as parabolic functions. The truth is that the 
data are not sufficiently reproducible under diverse conditions of food 
and activity, and in diverse broods and species of tadpoles, to insure that 
any one formula, or any one controlling factor that it implies, is innately 
characteristic of the organism studied. The expenditure of ingenuity 
in fitting formule to the present data is not justified, because of the fact 
that growth of an organism is the average of many cycles of mitotic and 
incretory activity in the several organs and tissues of the body. 

Although no curves for growth in Amphibia were previously worked 
out at constant temperature, it is worthwhile to compare Fig. 3 with 
those for growth in weight that have been reported. Rana temporaria 
(== fusca) as studied by Schaper (1902) showed, in spite of progres- 
sively rising temperatures, a progressive falling off in percentage weight 
increment from the time of hatching. Bufo americanus, studied by 
Miller (1909), showed rather an increase in the relative increments for 
an entire month after hatching. But here it is likely that the tempera- 
tures, though not recorded, rose more rapidly. It is apparent also that 
the food supply and the aquarium space were more favorable in Miller’s 
cultures than in Schaper’s. Similar results were obtained on Ambly- 
stoma in natural ponds by Dempster (1930). The data on Amblystoma 
of Patch (1927) and on Diemyctylus of Springer (1909) are insuffi- 
cient for comparison. 

Some data upon the growth of Rana pipiens in nature were obtained 
in the course of the present experiments. Samples of all the tadpoles in 
the particular stream from which ali the eggs for the laboratory observa- 
tions have been collected were taken at weekly intervals during one sea- 
son. It should be stated that no eggs, tadpoles, or frogs taken from this 
pond were ever identified as being other than Rana pipiens. The curve 
shown in Fig. 4 is primarily influenced by the temperature of the stream. 
So far as could be observed, the food supply was plentiful throughout 
the season, though the population of the pond was large. 
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The effect of temperature upon the rate of growth was studied only 
in a preliminary manner in the laboratory. Two cultures (Fig. 5) were 
kept in a small undercooled air-bath at 9.5° C. within a refrigerator 
room, and were comparable in every respect with two cultures kept in 
another air-bath at 17° C., this bath being cooled by a jacket of flowing 
water. Throughout the course of growth the former were about half 
the weight of the latter, from which it may be concluded that assimila- 
tion per unit of mass was half as rapid only in the first week after 
hatching. To maintain half the weight later on, however, meant dou- 
bling the body weight in the same time interval at both temperatures. 


Tue EFrect oF CROWDING ON GROWTH 


It was noticed by numerous observers, beginning with Hogg (1854) 
and Semper (1873), that individuals of various aquatic species were re- 
tarded in growth by confinement in small dishes or by the presence of 
many other individuals. It was ordinarily supposed that this influence 
was due to fouling of the water by products of metabolism. This ex- 
planation did not seem to fit all the facts, though it has recently been 
again urged by Crabb (1929); and for Amphibia the suggestion was 
made by Pfliiger (1883) that mechanical disturbance was a hindrance 
to growth. Yung (1885) experimented with deep and shallow aquaria 
of uniform volume, and concluded that surface area of the water was 
the primary factor. It may be pointed out that tadpoles kept in deep 
vessels are stimulated to greater activity by the shortage of oxygen, and 
that the path of locomotion, which is usually horizontal, is shorter. Ba- 
bak (1906) noticed that crowded tadpoles were not only smaller but had 
relatively smaller digestive tracts, a conclusion which is not fully con- 
firmed by the more extensive measurements of Elven (1928). Bilski 
(1921) and Goetsch (1924) tested various devices for overcoming the 
possible effect of chemical disturbances. 

It seemed that the first step in the analysis of this spatial factor lay 
in the accurate measurement of growth rates under conditions of crowd- 
ing. For this purpose, body weights were determined at frequent in- 
tervals in a number of cultures derived from a common brood. The 
cultures were varied in two ways: (1) in number of individuals per 
unit volume of water, and (2) in volume of water per given number of 
indivNluals. 

The first mode of comparison is illustrated in Fig. 6. Each culture 
here represented was kept at 19° C. in a pyrex dish with 500 cc. of 
water which was changed weekly. The water had a surface of 280 
sq. cm. and therefore a depth of 1.8 cm. The retardation in growth is 
such that the average weight in the culture containing 64 individuals 





GROWTH OF TADPOLES AND CROWDING 359 


was, at 19 days after hatching, only one-sixth, and at 28 days after 
hatching only one-twelfth the average weight in cultures of one single 
individual. Differences of this sort require no elaborate methods for 
their demonstration. Four other series of the same sort, grown during 
three separate seasons, confirm both qualitatively and quantitatively the 
result of Fig. 6. Each series represents two months of care and meas- 
urement. 
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Fic. 6. Influence of density of population upon growth in weight of brood U 
at 19° C. Each culture was in 500 cc. of water, changed weekly, and fed ad 
libitum. Numbers indicate the individuals per culture. In the less crowded con- 
ditions two duplicate cultures were averaged. 


The effect of volumes of water of varying sizes is illustrated in Fig. 
7. In these cultures the proportion of surface to volume of water was 
nearly constant, so that only the one factor varied. The smallest aqua- 
rium was so sinall that practically all the space was occupied by the food 
supply, and the tadpoles were ultimately killed by fouling of the medium. 
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Even the increase of the volume of medium from 500 cc. to 1000 cc. 
for one tadpole had a marked effect upon body size. The effect of large 
volumes (or few tadpoles) became more marked at advanced stages ; the 
effect in the range of small volumes manifested itself earlier. 

The shape of the growth curve was altered by crowding (Fig. 6). 
Measurements made early in the life cycle (in brood X) showed that for 
the first week after hatching the rates of growth were equal in all cul- 
tures. Then, however, the most crowded ones lagged behind and there- 
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Fic. 7. Influence of size of culture dish upon growth in weight of Rana syl- 
vatica, brood Q, at 19° C. Each culture contained four individuals and occupied 
the volume of water indicated, being changed weekly and fed ad libitum. Two 
duplicate cultures were averaged throughout. 


after proceeded at much slower rates than the isolated ones. Less 
crowded ones began some days later to lag, and proceeded thereafter at 
intermediate rates. The isolated or single individuals were the last to 
depart from the logarithmic rates of growth, and in most instances con- 
tinued at rates greater than any others of the brood. 

These comparisons may also be made quantitatively. The most direct 
method is to plot the mean body weight (W) upon a given day against 
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the number of individuals per culture (m). It is then found by trial, as 
shown in Fig. 8, that the best correlation is between the logarithm of the 
body weight and the square root of the number present. In other sym- 
bols, 


~ b 
log W=>a—bVn=a— — 
g Vv aa 


The volume of medium per individual (v) is the reciprocal of the num- 
ber of individuals per volume (nm). The values of the constants a and b 
depend on the particular age at which the comparison is made, since they 
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Fic. 8. Correlation of body weight attained with number of individuals per 
culture. The number of individuals is plotted upon a square root scale. The 
brood U data are taken from Fig. 6 at 19° C.; the brood C data were obtained at 
inconstant room temperatures, which were, however, alike for all cultures. 


are functions both of absolute size and of the relative rates of growth. 
Both constants increase with age. A somewhat different formula was 
employed by Bilski (1921). If the growth curve could be represented 
by a single equation, it would be feasible to have values of a and b to 
hold for all ages. But it is obvious that the growth curve itself depends 
in fact upon the increasingly severe effect of crowding as the tadpoles 
grow older. The inhibition of growth by crowding is manifested only 


in proportion as the tadpoles occupy more and more considerable por- 
tions of their medium. 
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MECHANISM OF THE CROWDING EFFECT 


Knowing to what extent diminution of the size of the environment 
affects tadpoles at various ages, diverse conditions were tested to find 
how the crowding has its influence upon growth. To rule out each 
factor in turn required subjection of crowded and uncrowded animals 
to experimental devices which are now to be mentioned in more or less 
logical order. The conclusions have been previously summarized in 
abstract (Adolph, 1929). 

1. Isolation After Crowding.—Individuals that had been in crowded 
cultures were isolated singly or in pairs at various ages in culture dishes 
of the same size. These individuals immediately assumed rapid rates 
of growth, gaining in percentage weight much faster than uncrowded 
individuals of the same age, and almost equalling the earlier perform- 
ances of uncrowded individuals of the same size. Examples may be 
seen in Fig. 11, p. 366. Such isolated tadpoles showed the same subse- 
quent decreases in growth rate as the uncrowded controls, once the size 
at which logarithmic growth usually ceases had been reached. 

2. Growth in Old Medium.—The water in which many tadpoles had 
been crowded was taken, either every day or every week, and given to 
similarly crowded individuals of the same age and brood. The old 
water gave slight inhibition of growth compared to the fresh-water con- 
trols in most cases. But the significant result was that the inhibition 
was very slight. 

In other tests the water from crowded individuals was given to single 
individuals of the same brood; one such experiment is shown in Fig. 9. 
These again were only very slightly retarded in growth compared to 
controls in fresh water, and the influence was significant only in water 
from very crowded cultures where metabolic substances may have ac- 
cumulated considerably. 

Individuals that had grown in fresh medium but in crowded groups 
were isolated in dishes where they were alone but were in old medium. 
They began to grow rapidly just as did their controls that were isolated 
in fresh medium. These tests proved that nothing added to or sub- 
tracted from the water by the presence of other tadpoles was responsible 
for the chief inhibitory influence of crowding. It seemed to mean, 
further, that no chemical condition whatsoever was responsible for the 
influence. Nevertheless, further tests were made to rule out other sorts 
of chemical conditions. 

3. Crowding with Other Broods——Groups of two or four individ- 
uals of a younger brood or with numerous individuals of another am- 
phibian species. The younger brood of the same species (R. pipiens) 
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had slightly less inhibitory effect than had equal numbers of the same 
brood, but there was no doubt of their effect. Other species used to 
furnish crowding were Rana sylvatica and Amblystoma punctatum. 
The sylvatica tadpoles were as effective as equal-sized pipiens tadpoles. 
The Amblystoma larve gave inconclusive results because they were not 
furnished with sufficient animal food and so did not grow appreciably. 
As a result, the experimental sylvatica tadpoles grew almost as rapidly 
as their uncrowded controls. 
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Fic. 9. Comparison of growth in fresh water and in water previously inhab- 
ited by tadpoles. Cultures s and ¢ each contained 32 individuals; every four days 
their water (500 cc.) was given to g and h respectively, each containing one indi- 
vidual. Culture k contained one individual which received 500 cc. of fresh water 
every four days. All belonged to brood X at 19° C. 


In one series of tests a number of snails or of leeches were placed 
with the tadpoles. These tadpoles grew just as rapidly as their controls 
of the same brood. 

In another experiment an uncrowded individual that had grown 
large was placed in the same culture with 32 crowded individuals of the 
identical brood. Growth was checked in the large individual. The 
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small crowded ones were already growing so slowly that the additional 
crowding was not significant. 

4. Confinement.—lIt has already been noted that reducing the size of 
the culture-dish had the same effect as increasing the number of indi- 
viduals in the dish. Thus, even a single individual was greatly retarded” 
if his environment was small. Experiments were now done in which the 
volume of water remained large but the animal was confined to a small 
portion of it. This was done by suspending a cheesecloth bag in one 
liter of water so that the animal could move through only about 300 cc. 
of the water. Growth was markedly retarded as compared with the 
growth of animals having a whole liter of water in which to move, as 
Fig. 10 shows. Animals were later exchanged between bag and no-bag 
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Fic. 10. Influence of reducing the free space in a large volume of water upon 
growth at 19° C. Each of the four cultures contained one individual of brood X 
in 1000 cc. of water; but in c and d a cheesecloth bag confined the individual to 
about 300 cc. of that water. On the 28th day individuals b and c were interchanged 


so that b was now confined. Thereupon b was retarded in growth while c forged 
ahead. 


containers. As can be seen in the weight, chart, the previously retarded 
one now grew faster than its control in another bag; while the newly 
retarded one lost weight for a time, subsequently gaining only as fast 
as its confined control. 
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Again the conclusion is indicated that not the volume of medium but 
the volume through which the animal can move unimpeded is the effec- 
tive factor. 

5. Aération—An obvious possibility, upon the hypothesis that 
crowding was a chemical influence, was that lowered oxygen tension or 
increased carbon dioxide tension prevailed in the crowded cultures. 

No effect of surface area of the water could be found within the 
comparatively narrow limits tested. Single individuals in one liter of 
water grew at the same rate when that water had a surface area of 133 
sq. cm., as when it had an area of 530 sq. cm. and was therefore only 
one-fourth as deep. 

In another series of cultures the water was continuously aérated by 
a stream of bubbles from the compressed-air supply. In them the con- 
trast was as great as usual between crowded and uncrowded individuals. 
Such tests seem to rule out any volatile substances as essential to the 
crowding effect. 

6. Addition of Various Substances—In a few tests the tadpoles 
were cultured in media having various materials added to the tap water. 
Water in which frogs had previously been for a day or more invariably 
killed the tadpoles. This fact contrasts with the harmlessness of tad- 
pole excreta; the acidity of frog urine may have been the important fac- 
tor. Small concentrations of urea and of sodium iodide were tested, 
but the experiments were not carried on long enough to demonstrate any 
effects upon the growth with and without crowding. No differences 
could be observed in similar cultures whether in pyrex glass or in soft 
glass, nor when extra glass was immersed in the water. 

7. Concentration of Food.—It seemed possible that the higher con- 
centrations of food that were necessary for maintenance in crowded 
cultures were deleterious. In certain uncrowded cultures equally large 
excesses of food (green alge) were supplied, but no inhibition of growth 
was observed. The presence or absence of rarer kinds of food, such as 
minute animals, with the green food apparently had no influence. To 
certain crowded and uncrowded cultures liver from various sources was 
added as a supplement to the vegetable diet without result. The action 
of any disintegration products of the food, which were not large in 
amount, are ruled out because the food was replaced more rapidly than 
it died. 

8. Frequency of Renewing Medium.—A number of the same pos- 
sible factors are eliminated from consideration by tests in which the tap 
water and food were changed more or less frequently. Cultures con- 
taining few and many individuals were changed daily, in contrast with 
cultures containing the same numbers changed weekly, as was the rule 
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in nearly all the tests. In all cases, as shown in Fig. 11, a slight superi- 
ority of size was attained by those whose medium was renewed daily. 
This result agrees with that of tests in which previously occupied water 
was given to the tadpoles, in showing that substances given off by tad- 
poles have demonstrable, but only very slight, inhibitory influences upon 
growth. 
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Fic. 11. Influence of the frequency of changing the medium upon growth in 
weight, in brood U at 19° C. in 500 cubic centimeters. Cultures s, t, and « con- 
tained four individuals each; cultures q and r contained 64 individuals each. Of 
these s and r had fresh water daily; and the others only weekly. Upon the 46th 
and 5lst days respectively, two individuals from each of cultures g and r were 
isolated in 500 cc. and so were able to resume rapid growth. The water in ra was 
renewed daily, in ga weekly. 


Medium occupied much longer than one week, especially by inter- 
mediate-sized tadpoles, usually became obviously foul, and when actually 
allowed to remain it killed the tadpoles. It might be assumed, though it 
is not proven, that any lethal materials would retard growth in concen- 
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trations too weak to kill. It is surprising therefore to find that they 
retard exceedingly little as they do. 

9. Flowing Water——The crucial test for many factors of growth 
was to culture the tadpoles in running water. Individuals in varying 
numbers were placed in cheesecloth sacks which would just fill 1.5-liter 
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Fic. 12. Growth of tadpoles in flowing water at variable temperatures. The 
cultures contained the varying numbers of individuals indicated by the numerals. 
Upon the 42d and 58th days respectively, 1 and 4 individuals were isolated from 
culture ¢, and upon the 64th day 1 individual was isolated from culture d, where- 
upon rapid growth was resumed by the isolated ones. All cultures were from 
brood U in 1500 cc. of rapidly changing water. 


beakers, the open tops of the sacks being supported by wires above the 
beakers so that water could not overflow the edges. The sacks were 
held spread out by frames made of glass rods. Water was renewed in 
each beaker at rates of 300 to 600 cc. per minute, day and night, for 
several months. 
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Attempts were made to regulate the temperature of this water by 
first running it through coils immersed in a regulated water-bath. Suf- 
ficient heating capacity and coil capacity were not available at the time, 
and therefore it was deemed sufficient for the present purpose to allow 
the temperature to vary alike in all the dishes. The mean temperature 
was much lower in the day than in the night, both gradually rising from 
week to week during the spring season. 

As the water flowed from the tap into the beaker it was led under 
the surface of the water already present, either inside the cheesecloth 
bag or else just outside it. In the former case all the tadpoles eventually 
perished because nitrogen from the warming water accumulated in their 
tissues ; only in the latter manner could this be avoided. It was proven 
by watching the convection of colored substances that the water at all 
times mixed through the cheesecloth partitions. 

Quite unexpectedly (at the time), the contrast in body sizes became 
as large in running as in still water. An experiment is represented in 
Fig. 12. Nothing could be more convincing than the comparison side- 
by-side of the tadpoles in adjacent beakers after one or two months’ 
growth. 

Animals in running water were compared with those in still water 
by allowing the temperature to vary alike in both. Those in still water 
occupied dishes that floated in running water. It was found in practice 
that the floating dishes were always at slightly higher temperatures than 
the beakers containing cheesecloth bags. For this reason the tadpoles 
in the still water had an advantage. The essential point is, however, 
that still water did not sensibly retard growth, as is shown by the data 
of Table I. 

One other factor that differed for the cultures in running water and 
those at constant temperature was exposure to light. The constant teim- 
perature room was dark except during those hours each day when cul- 
tures were being cared for, at which times they were exposed to dim 
artificial light. The tadpoles in running water were exposed to indirect 
sunlight throughout every day, and never to artificial light. That light 
and dark were not significant is attested by the experiments with still 
water under the temperature influence of flowing water, and by nu- 
merous experiments in which all comparable cultures were carried on 
in stagnant water throughout the season under the conditions of a lab- 
oratory room. These cultures showed just as significant effects of 
crowding as any did; they are illustrated by brood C in Fig. 8. 

The tests with flowing water demonstrated conclusively that the 
essential influence of crowding is physical rather than chemical. Some- 
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how the tadpole is retarded in proportion to its mean free path of move- 
ment. 

10. Partitioning of Space—The next step was to measure the 
growth response when individuals were separated into small compart- 
ments. Four tadpoles, each one in a small cheesecloth bag, were com- 
pared with two of the same brood together in one large cheesecloth bag. 
All were subjected to the same running water, with the end results 
shown in Table I. The separated individuals grew significantly faster 
than those that were together, though each one had on the average less 
space to itself. 

TaBLe | 


Comparison of tadpoles grown at the temperature of flowing water under diverse 
conditions at 45 days after fertilization. 


Number Final Mean 
of Conditions Weight 
Individuals in Milligrams 


Culture 


Exposed from 7th to 45th days 
Agitation in 1500 cc., flowing 289 
Together in 750 cc., not flowing 697 
Together in 750 cc., not flowing 617 
Together in 750 cc., not flowing 673 
Separated in 1500 cc., flowing 
Separated in 1500 cc., flowing 
Together in 1500 cc., flowing 


X2n 
X2q 
X2r 
X2y 
X2s 
X2t 
X2u 


nor Pr PrP Pe 


Exposed from 26th * to 45th days 
X3g Agitated in 1500 cc., flowing. 

X3h Alone in 1500 cc., flowing 

X3k Together in 1500 cc., flowing 

Xi Alone in 100 cc., flowing 





* The mean weight (X3) at the 26th day was 190 milligrams. 


This result may seem somewhat inconsistent with any conception of 
a spatial factor. While it is possible that some other influence, such as 
temperature or food supply crept in unnoticed, the result appears to be 
as well substantiated as any others in flowing water. The result does 
not seem to be inconsistent with the conception of locomotor disturb- 
ances as the crucial factor in crowding. It is confirmed by experiments 
in addition to those of Table I in which single individuals in large bags 
grew no faster than single individuals in small bags so long as they were 
in flowing water. 

11. Agitation Any influence of size of the environment as a physi- 
cal factor must be exerted through some sensory means. A tadpole 
might become aware of the extent of its environment through vision, 
touch, or muscle senses. Vision is apparently ineffective, because 


25 
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crowding is just as influential upon growth in the dark. Probably no 
other form of distance reception requires serious consideration in con- 
nection with growth. Touch would be expected to be effective either 
through the contact of other moving objects or in the course of the indi- 
vidual’s own movements ; muscle senses would be informing chiefly dur- 
ing the individual’s own movements. 

If crowding influences growth through disturbance of the passive 
individual, such disturbance could be simulated in other ways. Stirring 
of the medium or knocking about of the individual seemed indicated. 
Arrangements were made to agitate the tadpoles by putting them in 
cheesecloth bags that were held expanded and lifting these bags up and 
down in beakers of water. The lifting was done rhythmically by a 
“ windshield wiper,”’ driven by compressed air at rates of 6 to 12 strokes 
per minute. 

More than a dozen such cultures were set up from time to time; in 
most instances the animals were killed by too great violence in shaking, 
by the friction of the cheesecloth, or by crushing from the glass weight 
in the bag. Young tadpoles were particularly sensitive to mechanical 
friction. The only cases in which growth could be followed for a sig- 
nificant period of time were with tadpoles that were allowed to grow to 
200 milligrams before being shaken. In these cases growth was re- 
tarded (Table I). 

Hence agitation prevents growth. Whether this is the factor that 
prevents growth in conditions of crowding, or whether this is simply a 
new form of violence, can hardly be decided. It will always remain 
possible that the proper kind and amount of agitation will not inhibit 
growth. Until such a result is realized experimentally, it is permissible 
to regard agitation as the same kind of interference as crowding. 

12. Narcosis—It was possible that sensitivity to touch could be 
avoided by anesthesia without interfering wholly with growth. Indi- 
viduals in crowds were treated with chloretone in such a way that they 
did not move, except in rare instances, for three days at atime. During 
these three days their controls, in the same-sized crowds, were starved. 
Then for three days they were taken out of chloretone and with their 
controls were fed. Such periods were alternated for several weeks. 
Of course no growth occurred in the non-feeding periods; but in the 
intervening three-day periods growth regularly occurred. It was not 
possible to carry such cultures long enough to obtain significant results ; 
apparently the dosage of chloretone required varied with the ages of the 
tadpoles, for sooner or later the individuals were killed. Here again a 
type of experiment that appears on paper as ideal became in practice 
useless. 
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13. Ingestion of Food and Crowding.—Little observation is required 
to notice that per individual crowded tadpoles do not eat so much as un- 
crowded ones. This was remarked by previous observers, and Babak 
(1906) and Elven (1928) ascertained that the digestive tracts of 
crowded tadpoles tended to be slightly smaller and shorter, relatively as 
well as absolutely. 

When green alge are being supplied daily to tadpoles it is noticed 
that as soon as body sizes have become obviously smaller in crowded 
cultures, the food consumption diminishes. It can be seen that this is 
so even if crowded individuals are compared with controls of the same 
body size rather than with those of the same age. Decreased food con- 
sumption is a tangible intermediate factor between growth and crowd- 
ing; it causes decrease of growth rate and it is caused by crowding. 

The mechanism of the crowding effect appears to be, therefore, that 
agitation or sensory disturbance decreases food ingestion. Hence the 
effect is in the first instance upon the behavior of the tadpoles ; it modi- 
fies their responses to food. If crowded tadpoles are further observed, 
relatively little disturbance is seen; there is sufficient time for every in- 
dividual to eat plenty of food, the animals are simply idle mstead of eat- 
ing. They resemble children who do not eat but sit idly at table because 
exciting events are going on, if a crude analogy be allowed. It is per- | 
missible to call crowding a psychological factor in growth, so far as is 
now apparent. 


CoMMENT 


The effects of crowding have been studied primarily in the tadpoles 
of Rana pipiens. In all chief points the mechanism of crowding has 
been confirmed in Rana sylvatica. In the literature are recorded partial 
similar results upon Rana temporaria (Babak, 1906; Krizenecky and 
Podhradsky, 1924) and Rana esculenta (Yung, 1885; Bilski, 1921), 
and upon a great number of other kinds of organisms of which the chief 
is the snail Lymnea (see Crabb, 1929). It is impossible to say that 
these spatial influences are alike in all species; for in other species they 
have not been fully analysed, and there are some indications (Goetsch, 
1924) that they are not alike. 

The experimental results on Rana pipiens show that chemical effects 
of crowding are insignificantly small. In rapidly running water the full 
effects of crowding are demonstrable. They can be simulated by agita- 
tion of the tadpoles. Both crowding and agitation were observed to 
discourage the assimilation of food. The situation is not that food 
energy is used up for motor responses to touch instead of being retained 
for growth, but that the food is actually not eaten. There is sufficient 
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time available for eating, but the behavior toward food is modified by 
agitation. 

It would be possible to look upon the decreased ingestion as a meas- 
ure of conservation, for in crowded conditions food supply will under 
most natural conditions run short. This behavior has the biological re- 
sult that little more food than is required for bare maintenance is eaten. 
Whether this is a behavior of foresight on the part of a tadpole, no one 
can state. 

It may be pointed out that the demonstration, in Fig. 8, that body 
weight is denied the crowded tadpoles in proportion to the square root 
of their density (\/n), agrees with what might be expected upon the 
conception of disturbance by collisions. The number of random colli- 
sions within a unit of time would be proportionai to Vn. This agree- 
ment, however, by no means excludes other views. 

The occurrence of growth inhibition in nature under conditions of 
limited extent of environment has been reported by many observers. 
Almost everyone who watches pond life has seen small undeveloped tad- 
poles in small ponds upon the same day that all tadpoles of the same 
species have already metamorphosed and left ponds of greater extent. 
Of course, many factors differ in these situations, and it is almost cer- 
tain that no conclusive experiment will occur outside the laboratory. 

In non-aquatic organisms effects of crowding have frequently been 
observed; indeed, they have often been discussed in man. The only 
species for which effects have been measured under highly controlled 
conditions is the fly Drosophila. In it Pearl (1928) demonstrated ef- 
fects of crowding upon longevity and upon fertility. He believed that 
chemical influences had been ruled out and that crowding exerted its 
effect through the psychological patterns of the flies. It may be added 
that Pearl’s data on fertility fit the formula presented above for the 
relation between body weight and density of crowding, substituting the 
number of eggs laid for the weight factor. 

Crowded tadpole cultures contain individuals highly diverse in 
weight. Ordinary observation of this fact is confirmed by numerous 
measurements of weight, which will not be presented because they have 
relatively small bearing on the problem of the crowding mechanism. 
The data were obtained by weighing the smallest and largest individuals 
in cultures of 32, in cultures of 4, and in duplicate single cultures. In- 
stances where the largest individual weighed five times as much as the 
smallest were found repeatedly. In an equal number of single cultures 
belonging to one brood, the largest never differed from the smallest by 
20 per cent of the weight on any one day. The variability is remarkably 
small during growth under optimal conditions ; crowding, and probably 
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any other limiting condition, increases it. The problem of variability 
of size was discussed by Krizenecky and Cetl (1924) in an attempt to 
relate inequalities of size to “ intensity of assimilation.” Whether as- 
similation be a physiochemical or a psychological phenomenon, their 
correlation remains very indefinite except as they express assimilation 
in terms of the concentration of food available to the tadpoles. In the 
present experiments it seemed simple to picture the development of 
inequalities in terms of variable aggressiveness in feeding. Plenty of 
food was available, but only the type of behavior that was influenced 
less by crowding would allow the ingestion of much food. 

Very probably the smaller sizes of densely crowded tadpoles are 
accompanied by disproportions of some organs and tissues. Slight evi- 
dence has been cited that such is the case for the intestine. The endoc- 
rine organs might be suspected of showing deficiencies or hyper- 
trophies. Whether such unusual conditions serve as causal or inter- 
mediary factors in the control of body size can only be surmised. 

The importance of crowding in any experiment having to do with 
growth in tadpoles is evident. No conclusions can be drawn from mass 
cultures unless both the number of individuals and the total weight of 
the individuals present in each culture are equated daily by discarding 
appropriate tadpoles each time a death occurs. It must be emphasized 
that crowding is proportional not only to numbers of individuals, but 
also to the sizes of the individuals. In this way tadpoles that have 
grown large will inhibit one another’s growth much more than the tad- 
poles whose growth has previously been inhibited. 

Concerning the problem of body size, it may be said that the tissues 
of animals attain a steady size in the adult not because they cannot 
grow further, but because their environment prevents them from grow- 
ing. This is attested by the whole body of facts obtained through ob- 
servation of regenerating tissues and of explanted tissues. Hence it 
is the inhibition of growth which is interesting, for many tissues appear 
to have the ability to undergo unlimited logarithmic increase. In tad- 
poles and other aquatic species it is recognized that not only the body 
fluids, but also the environing media, limit the rate and amount of 
growth. This variety of influence has now been quantitatively evalu- 
ated. It has been found not to be of a direct physical sort, but is effec- 
tive because the tadpole is a reacting organism. It is exhibited ulti- 
mately in every individual even under optimal conditions. It may be 
concluded that useful growth, like civilization, consists not in the limit- 
less expression of inherent powers, but in the careful gradation of 
activity to fit circumstances. No other form of response would be 
equally liable to attain biological success. 
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SUMMARY 


1. Growth of the tadpole under optimal conditions is very slow be- 
tween fertilization and hatching, proceeds with logarithmic increase of 
bulk for about two weeks, and then declines in rate up to the beginning 
of metamorphosis. 

2. The crowding of many individuals together causes little change 
in the initial rate of logarithmic increase, but brings on the decline in 
rate much sooner and more severely than in isolated individuals. The 
same effect results from decrease in the volume of water in which the 
tadpoles live. 

3. Experimental analysis of the mechanism of the crowding effect 
shows that the composition of the water itself has no significant influ- 
ence on growth. The full effect of crowding is manifested in rapidly 
running water, but not when the individuals are partitioned from one 
another. A similar inhibition of growth results from agitation of the 
tadpoles. 

4. The ingestion of food per individual is much reduced by crowd- 
ing. The effect is therefore exerted upon the behavior of the tadpole 
toward food. The effect is precisely graded with respect to the density 
of crowding, so that it is accurately correlated with the physical size of 
the environment. It possibly serves as an example of the inhibitions 


through which growth is ordinarily regulated. 
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BODY SIZE AS A FACTOR IN THE METAMORPHOSIS OF 
TADPOLES 


EDWARD F. ADOLPH 


(From the Physiological Laboratory, The University of Rochester School of 
Medicine and Dentistry, Rochester, N. Y.) 


INTRODUCTION 


The role of body size in the activities of organisms has been studied 
only in a comparative way. Its effectiveness can be demonstrated ex- 
perimentally, however, within a single species in relation to a number 
of physiological functions. One of these functions in Amphibia is 
metamorphosis. 

When many tadpoles were reared in one aquarium, as is described 
in the preceding paper, they were retarded markedly in growth as com- 
pared with isolated individuals. When the time came for the isolated 


individuals to metamorphose, certain of the partially crowded indi- 
viduals were also able to metamorphose. But the body weights of the 
latter were much less than those of the isolated individuals. Other tad- 
poles crowded more densely did not metamorphose at this time, but were 
able to metamorphose at later times. To analyse these relationships, 
data were obtained under controlled conditions upon the changes of body 


weight and the ages at which the morphological changes of metamorpho- 
sis occurred. 

In the preceding paper size was regarded as a result conditioned 
inter alia by crowding. In the present paper size is to be considered as 
a condition, the result produced being inter alia metamorphosis. 

Two species, Rana sylvatica and Rana pipiens, were used in the ob- 
servations, and the ages at metamorphosis were recorded for about 190 
individuals that had been reared under known conditions. In selected 
instances the body weights of single individuals were measured ; in other 
instances groups of individuals were followed with respect to body 
weight through metamorphosis. That crowding resulted in delay in 
tadpole metamorphosis was reported by Yung (1885), but no data on 
body weight were obtained by him. The present experiments were 
recently summarized in abstract (Adolph, 1930). 
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WEIGHT CHANGES DurRING METAMORPHOSIS 


The progressive changes of body weight in tadpoles crowded to 
varying extents are shown in Fig. 1. Some time after the increase of 
body weight of the tadpole has fallen below the initial “ logarithmic” 
rate, the percentage increment is greatly reduced, and then increase 
ceases. Finally body weight is lost rapidly for about two weeks, at the 
end of which time metamorphosis is visibly complete. 

The tadpole has ceased to grow before most of the morphological 
changes of metamorphosis are apparent. The first changes are the bud- 
ding of the hindlegs; no others are observable ordinarily until the tad- 
pole has begun to lose weight. 

After metamorphosis is complete, the body weight of the frog, if 
not fed, is almost constant for many days. There is a slight gradual 
loss due to the fact that body tissue is being used as the source of meta- 
bolic materials. Three or four weeks (at 19° C.) after the maximum 
weight of the tadpole is reached, the final weight of the metamorphosed 
frog is attained. On the average 60 per cent of the body weight is lost 
in this four-week period. 

The forelegs usually burst forth from under the skin when about 
one-third of the metamorphic loss of weight has occurred. This event 
is the most convenient morphological event to identify, and in the 
present study it has been used as the criterion of metamorphosis. But 
when thus referred to the changes of body weight it is found that the 
appearance of the forelegs varies considerably in time of occurrence. 
If a single criterion of metamorphosis is required, the best one would 
seem to be the point at which the body weight is halfway between the 
maximum weight of the tadpole and the weight of the frog three or four 
weeks (or an equivalent age at any other temperature) thereafter; for 
the change in body weight represents an average of all the changes that 
are occurring in the body. 

The tremendous loss of weight during metamorphosis does not 
represent a 60 per cent reduction of all chemical constituents of the 
body. While it is well known that catabolism of nitrogen and other 
substances is increased at this time, the losses through catabolism do 
not nearly correspond to the losses of weight. The percentage of solids 
is known to increase markedly (Schaper, 1902), and this change alone 
accounts for a considerable portion of the loss of body weight. 


Bopy WEIGHT AND METAMORPHOSIS 


At 19° C. the maximum weight attained before metamorphosis in 


Rana sylvatica, brood Q, was 1230 mg. and in Rana pipiens, brood U, 
was 3425 mg. 
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Fic. 1. Growth in weight of five cultures of Rana sylvatica, brood Q, at 19° 
C. The numbers of individuals contained in the cultures are indicated in circles; 
each culture was in 1000 cc. of tap water, having a surface of 550 sq. cm. and a 
depth of 1.8 cm., that was changed once a week. The first appearance of hindlegs 
in the culture is indicated by a bracket, and the appearance of forelegs, which was 
taken as the sign of metamorphosis, is indicated for each individual by an arrow. 
The body weights after metamorphosis were determined for smaller groups of 
individuals which were numbered in the order of metamorphosis. The subsequent 
history of culture e is indicated in Fig. 4. 
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When the uncrowded tadpoles of a brood metamorphosed, the 
slightly crowded individuals also metamorphosed, and each of the 
events marking this transformation occurred upon almost exactly the 
same day for all individuals. But, as Fig. 1 shows, the body weights 
that had been attained upon the day when the decrease of weight began 
were diverse. With a density of fourteen individuals per liter the mean 
weight was only two-thirds of the weight where the density was one 
per liter. 

During metamorphosis the same relative differences of size were 
maintained, so that the resulting frogs were of diverse sizes. There 
was, however, a slight tendency for the smaller tadpoles to lose a 
larger percentage of their body weights in the transformation process. 
Hence the percentage diversity of sizes was somewhat greater among 
the complete frogs than among the tadpoles. 

The great contrast in the sizes of frogs is illustrated by the fre- 
quency curves of maximum weight represented in Fig. 2. The sizes 
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Fic. 2. Frequency distribution of the final weights after metamorphosis in all 


cultures of Rana sylvatica, brood Q, at 19° C. The numbers indicate the initial 
densities of the tadpole populations in individuals per 1000 cc. 


are thus shown to depend primarily upon the amount of growth that 
was previously allowed by the density of the tadpole population (or 
other limiting factor). 

In addition to knowing the sizes attained by individuals that meta- 
morphosed, it is important to know the sizes of tadpoles that did not 
metamorphose. Is there any sharp limit of body weight that deter- 
mines whether or not metamorphosis shall occur? The maximum 
weights attained by the largest tadpoles not metamorphosing and the 
other tadpoles metamorphosing are given for one brood of Rana pipiens 
in Table I. So far as data are available, they indicate that body weight 
constitutes a decisive quantitative factor in metamorphosis. At 19° C, 
the upper limit of size that did not allow metamorphosis within 300 days 
after fertilization was 2200 mg. for brood U, Rana pipiens (individuals 
ta and va), and within 150 days was about 550 mg. for brood Q, Rana 
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sylvatica; in the latter brood the tadpoles that did not eventually meta- 
morphose were very few. 


AGE AT METAMORPHOSIS 


At 19° C. uncrowded individuals of Rana sylvatica, brood Q, ac- 
quired forelegs at the age of 54 days. In Rana pipiens, brood U, the 
corresponding stage was attained at 117 days. The tadpoles that were 
slightly crowded were able to metamorphose at the same time as un- 
crowded ones. Hence within certain limits the body size had little in- 


TABLE I 


Ages and weights during metamorphosis of individuals of Rana pipiens, brood U, 
at 19° C. 


Age at Body Weights Maximum Body Weight Final Body 
Designation | Appearance of | on the 105th Body at Appearance Weight After 
Forelegs Day Weight of Forelegs Metamorphosis 


days meg. mg. mg. mg. 
ca 117 2735 2735 1400 — 
j 117 3425 3425 2450 —_— 
la 118 2730 2770 2060 — 


ua 119 — _— 1510 
120 2880 2890 1860 
ub 148 —_ 2750 — 


raa 152 — 
oa 225 — 
ta = 1910 
va - 2000 
rab 343 —_— 





gab 344 1585 
ma 457 1930 








fluence upon the time of onset of metamorphosis. But tadpoles that 
were densely crowded did not metamorphose at the same age as un- 
crowded ones. This is apparent in the two densest populations of 
Fig. 1. 

If the frequency of various ages at which metamorphosis occurs is 
plotted, as in Fig. 3, the contrast is great. The most densely crowded 
individuals not only never metamorphosed at so young an age as un- 
crowded ones, but various individuals metamorphosed at highly diverse 
times. 

The diversity of ages at which metamorphosis occurred is illustrated 
in detail in Fig. 4. Over a period of more than two months trans- 
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formations frequently occurred in the particular culture illustrated. 
Of course, the transformations cannot be said to have occurred at ran- 
dom, for in each case it was usually the largest tadpole that began to 
metamorphose next. 
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Fic. 3. Frequency distribution of the times (ages) of appearance of forelegs 
in all cultures of Rana sylvatica, brood Q, at 19° C. The numbers indicate the 
initial densities of the tadpole populations. 
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Fic. 4. Sequence of body weights in culture Qe. Each few individuals that 
metamorphosed were weighed after the forelegs had appeared, the individuals be- 
ing numbered consecutively as they metamorphosed. The total numbers of indi- 
viduals in the culture are indicated in circles. Two average individuals ea were 
isolated into 1000 cc. before any had metamorphosed; these were able to grow con- 
siderably before they transformed. 


In the brood shown in Fig. 4, the last individual that had survived 
came to metamorphose 237 days after its growth started. Its age was 
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then 440 per cent of the age when the uncrowded individuals of the 
same brood metamorphosed, which may be referred to as “par.” In 
Rana pipiens the last survivor metamorphosed at the age of 457 days 
(Table I), which was 390 per cent of par. While metamorphoses are 
frequent at ages near par, they become less frequent per unit of the 
population exposed to metamorphosis as age increases. This is due not 
to the death rate among the retarded tadpoles, but to the fact that the 
condition which must be met before metamorphosis can occur, which is 
body size itself, becomes slower in rate of attainment. 


Bopy WEIGHT AND AGE 


The interaction of the two factors of metamorphosis, namely, size 
and age, may now be evaluated. It was found, as shown in Table I, 
that individuals that were just on the verge of attaining the size neces- 
sary for metamorphosis were still able to metamorphose after a delay 
of some weeks or months, even though they made little or no further 
gain in weight. The charts of body weight indicate that metamorphosis 
to the extent of stopping growth in weight might be said actually to 
have occurred at par age, but the morphological changes of metamorpho- 
sis did not proceed. Evidently, within certain limits, a deficiency in 
body size can be compensated by an increase of age. 

The way to compare the roles of the size factor and the age factor 
in metamorphosis is to plot the two together. This is done in Fig. 5 
for the one brood on which most data are available. Since the known 
body weights are more numerous after the completion of metamorphosis 
than at the beginning of metamorphosis, the final weight of the frog is 
used as the measure of body size. The same sort of curve results, 
however, whether maximum weight of the tadpole or weight on the day 
that forelegs are acquired be used in place of final weight of the frog. 

The best curve drawn empirically through the points of Fig. 5 is a 
rectangular hyperbola. If W is the body weight in milligrams after the 
completion of metamorphosis, A is the age at which the forelegs broke 
through in days after fertilization of the egg, and c, d, and e are con- 
stants, the relationship (4 —e)(W—d)=c represents the graph. 
The constants d and e represent the asymptotes of the hyperbola. The 
conclusion may be drawn that no possible increase of size would allow 
metamorphosis to occur before e days of age, and neoteny would last 
indefinitely if sufficient body size to result in a frog of weight d were 
not attained. 

For the brood Q at 19° C., living on the diet of Spirogyra, Vau- 
cheria, and spinach used, the minimum age e is 51 days, the minimum 
body weight d is 160 mg., and the constant ¢ is 1200 day-milligrams. 
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The curve as drawn in Fig. 5 represents these values. Under the con- 
ditions in which brood Q was reared, the influence of other factors 
upon the initiation of metamorphosis was evidently small. Body 
weight and age were the effective factors in conditioning the onset of 
metamorphosis. 
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Fic. 5. Correlation between the ages at which the forelegs appeared and the 
weights of the frogs after metamorphosis was complete, in all individuals of Rana 
sylvatica, brood Q, at 19° C. ‘The curve drawn through the points is represented 
by the formula for a hyperbola, the dashed lines being the asymptotes. The four 


solid points represent the modes for various density groups read off from Figs. 2 
and 3. 


COMMENT 


The factors that have been held to be responsible for initiating meta- 
morphosis in Amphibia may be roughly classified as: Age, size, previous 
history, food, oxygen supply, temperature, hormonal relations, and 
heredity. The rdles of age and size have been evaluated above by using 
observations in which the other factors were held largely constant. If 
under previous history be included rate of growth and crowding, then 
it has been shown that these are of importance chiefly because they in- 
fluence size. 

Types of food have not been varied in these experiments; and it 
may be that all the observations reported by others in which the food 
was varied really influenced metamorphosis either through size or 
through endocrine mechanisms. Starvation was reported by Barfurth 
(1887) to initiate metamorphosis in frogs. If his data are analyzed, 
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however, it is found that by no objective test of significance were his 
starved individuals different from his fed individuals. Powers (1903) 
concluded from careful observations that sudden starvation precipitated 
metamorphosis in Amblystoma. Several attempts were made during 
the present experiments to bring on metamorphosis by denying food to 
tadpoles that had almost attained the minimum size required for meta- 
morphosis. But none metamorphosed without further feeding. 

High oxygen tensions were stated by Huxley (1925) to inhibit the 
metamorphosis of frogs. Extirpation of the lung rudiments by Helff 
(1931) had no significant effect upon the time of metamorphosis. The 
necessity of rising to the surface for air, the amount of gill surface, and 
the contact with air are said by Powers (1903) to be of no consequence 
in the metamorphosis of Amblystoma. 

The temperature was held constant in the present experiments. 
Uhlenhuth (1919, 1921) reported that when grown at low temperatures, 
certain urodeles not merely took longer to attain metamorphosis, but 
grew to a larger size before metamorphosis. 

The influence of heredity has never been studied in frogs apart from 
environmental factors. That broods differ within the same species is 
possibly indicated by the varying reports of size at metamorphosis. 
Thus, in Rana pipiens Kuntz (1924) reported that the maximum size of 
the tadpoles was 6.8 grams, while Helff (1926) reported that the maxi- 
mum size was 1.4 grams. In both cases, nevertheless, 57 per cent of the 
body weight was lost before metamorphosis was complete. 

The evaluation of size as a factor in determining the onset of meta- 
morphosis does not imply that size is an independent variable. When 
all the factors are quantitatively known, it will probably be found that 
most of them are both effects and causes. It may be that one or an- 
other chemical or physical condition will appear to set aside the usual 
complex of conditions. It is already known that thyroid feeding will 
render the size factor unnecessary for metamorphosis; very small and 
young tadpoles thereby attain adult properties. But the rate of an 
endocrine activity is codrdinately correlated with many other factors, 
and it would be almost anomalous if it ultimately proved true that a 
single limiting factor ordinarily controlled the onset of metamorphosis. 

For anyone who desires to visualize a causal concatenation of fac- 
tors, a schema to which the author does not subscribe, a possible mecha- 
nism by which size and metamorphosis are correlated may be pictured 
as follows. It is well known that metamorphosis is often controlled by 
the activity of the thyroid gland. This gland is ordinarily thrown into 
sufficient activity to induce metamorphosis only in the presence of an- 
terior pituitary tissue from metamorphosing tadpoles (Smith, 1923; 
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Uhlenhuth, 1928; Ingram, 1929). But the anterior pituitary also often 
controls the rate of growth, and hence the body size (Smith, 1918; 
Allen, 1920). The anterior pituitary must ordinarily attain its ability 
to set off metamorphosis through its developmental age, but in addition 
cannot actually set off metamorphosis unless it and other organs have 
attained a certain size through growth. The failure to attain this mini- 
mal size or activity, either absolute or relative, may be due not merely 
to insufficient nutriment, but equally well to any other influences re- 
tarding growth. 

Many important physiological reasons may be postulated as to why a 
tadpole much smaller than the usual should not metamorphose. It is 
doubtful whether the relative objective importance of any of these rea- 
sons could be evaluated. In nature all sizes from a few milligrams to 
many grams, and all ages from a few days to several years are found to 
be sufficient for metamorphosis in one amphibian species or another. 
Almost no physiological block to metamorphosis cannot, it may be sup- 
posed, be overcome in the course of evolution. Only the situation as 
found in particular species can be described as a fit part of the pattern 
of existence. 

SUMMARY 


1. Tadpoles of Rana sylvatica and R. pipiens if sufficiently retarded 
in growth by crowding did not metamorphose at the same ages as un- 
crowded ones. They were able to metamorphose at their small sizes 
at later times. Those only slightly retarded were able to metamorphose 
at the usual time, becoming small frogs. 

2. Within certain limits a deficiency of body weight is compensated 
by a surplus of age, and a correlation of the two factors has been estab- 
lished. Through retardation of growth in size the larval stage can be 
greatly prolonged. Body size is therefore a tangible quantitative factor 
in the complex of conditions which regulate the onset of metamorphosis. 
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STUDIES ON THE PHYSIOLOGY OF THE EUGLENOID 
FLAGELLATES 


Ill. THe Errect oF HypDROGEN ION CONCENTRATION ON THE 
GROWTH OF EUGLENA GRACILIS KLEBs ! 


THEO. L. JAHN 


DEPARTMENT OF BroLoGy, UNIVERSITY COLLEGE, NEW YorK UNIVERSITY 


INTRODUCTION 


Our knowledge of the effect of hydrogen ion concentration on the 
growth of the euglenoid flagellates is extremely scanty. Only a few 
organisms have been studied from this viewpoint, and in most cases the 
results are at best insufficient evidence for definite conclusions. Prac- 
tically all the observations of this character have been limited to 
Euglena gracilis, except for those of Linsbauer (1915) and Turner (1917) 
on unidentified species and for the comparative studies of Kostir (1921), 
Mainx (1924, 1928), and Dusi (1930). The particular problem of the 
effect of hydrogen ion concentration on the growth of Euglena gractlis 
is one that has received considerable attention for several reasons. 
The organism is rather unique in that it possesses a very high resistance 
to acid solutions, and the literature on the subject is most confusing 
due to its contradictory character and to the fact that the results of 
most of the writers were obtained by neither accurate nor comparable 
methods. In most cases the actual hydrogen ion concentration was not 
determined, in some cases organic acids were used, in other instances 
the cultures were not bacteriologically pure, and in no case were quanti- 
tative methods employed. Therefore it was believed that an investiga- 
tion, in which these factors of unknown importance were controlled, 
might prove useful in the development of culture methods and in the 
further study of the organism; for this reason the present study was 
undertaken. 

This investigation was performed under the direction of Professor 
R. P. Hall, whom the writer wishes to thank for his advice during the 
course of the experiments and for his aid in the preparation of the 
manuscript. 

‘This paper, together with Parts I and II of this series of studies, was sub- 


mitted to the Graduate School of New York University in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, April 1, 1931. 
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HISTORICAL SURVEY 


The unusually high resistance of Euglena gracilis to acid solutions 
was first recorded by Zumstein (1900), who used citric acid in his 
cultures in order to reduce the growth of bacteria. He found that E. 
gracilis grew well when 1-2 per cent citric acid was added to the ‘earth 
infusion’ used asa medium. Likewise, he obtained very good cultures 
with .5 per cent peptone to which he had added as much as 4 per cent 
citric acid. However, he obtained only poor cultures with .5-1.0 per 
cent tartaric acid and no growth at all with .2 per cent oxalic acid. 

Ternetz (1912) repeated the experiments of Zumstein and found 
that citric acid was non-toxic to E£. gracilis in peptone, beef-extract, and 
earth infusions, whereas it was quite toxic in synthetic inorganic media. 
Furthermore, she was able to detect no difference in toxicity between 
lactic, tartaric, malic, and citric acids when present in equimolar con- 
centrations. 

Pringsheim (1912) performed the same type of experiments but 
failed to corroborate the findings of Zumstein. He found that when 
.5 per cent citric acid was added to the peptone medium, Euglena graci- 
lis grew very poorly, but he was able to obtain very good cultures with 
.12 per cent or less citric acid in the same type of medium. Therefore 
he concluded that the high acid resistance reported by Zumstein was 
erroneous, and citric acid was non-toxic only in very high dilution. 
Linsbauer (1915), working with an unidentified species which Mainx 
(1928) believed was FE. Klebsii, found that citric acid was certainly toxic 
in concentrations as low as .07 per cent. Turner (1917), using an un- 
identified species of Euglena in bacterized cultures, found that an alka- 
line medium was favorable for growth of the organism. 

Kostir (1921) made a study of the comparative resistance of seven 
euglenoids to various concentrations of citric acid. He found that 
Euglena gracilis was far more resistant than the other species used. 
The order in decreasing magnitude of the resistance of the species 
studied was: E. gracilis, Phacus anacoelus, E. oxyuris, E. ehrenbergti, 
E. geniculata (?), E. acus, E. deses. 

Tannreuther (1923) found that his most healthy cultures of £. 
gracilis were strongly alkaline and that the poorest cultures were either 
acid or very slightly alkaline. Since his cultures were not bacteria-free, 
however, these results might have been due to factors other than hydro- 
gen ion concentration. 

The next study of the effect of hydrogen ion concentration on 
Euglena gracilis was that of Mainx (1924, 1928), who used bacteria-free 
cultures in a medium composed of inorganic salts and .25 per cent beef- 
extract. He found that the organisms grew very well in this medium if 
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it were neutral. He also obtained good cultures when citric acid was 
added to a final concentration of 1/400 normal, and fair cultures in 
media containing 1/100 normal citric acid. Furthermore, he obtained 
very poor growth in cultures containing 1/500 normal NaOH, and no 
growth in cultures containing 1/100 normal NaOH. 

Dusi (1930), using bacteria-free cultures of Euglena gracilis in a 
medium composed of inorganic salts and beef peptone, performed a 
more complete series of experiments. The possible effects of organic 
acids were eliminated by using only HCl and NaOH to bring the 
medium to the desired pH value. The medium was prepared at six 
different hydrogen ion concentrations, the most acid tubes having a 
pH value of 3.5-4.0 and the most alkaline ones a pH value of 8.5-9.0. 
He found that the maximum density of the cultures was approximately 
the same in media with pH values from 4.5 to 8.5, but that the maxi- 
mum density was attained sooner in the alkaline cultures. He accred- 
its this to a higher rate of division in these cultures. In a later paper 
Dusi (1930a) has reported similar experiments with five other species 
of Euglena, namely, E. pisciformis, E. stellata, E. anabaena var. minor, 
E. deses, E. Klebsit. 

At the time the present study was undertaken the question of the 
effect of hydrogen ion concentration on Euglena gracilis was highly con- 
troversial. The methods and results of Dusi (1930) seem much more 
accurate than those of previous workers, but even his results were at 
best qualitative and by no means quantitative. Therefore it was 
deemed advisable to perform quantitative experiments in an effort to 
determine the relationship existing between hydrogen ion concentra- 
tion and the growth rate of Euglena gracilis. 


MATERIAL AND METHODS 


The bacteria-free strain of Euglena gracilis used in this series of 
experiments was obtained from the cultures of the Pflanzenphysiolog- 
isches Institut of the German University at Prague through the cour- 
tesy of Professor E. G. Pringsheim. Fortunately, Euglena gracilis 
was much better adapted for experiments of this type than most of the 
other available species, because of its more rapid rate of growth in 
bacteria-free cultures under known conditions. 

The organisms were cultured in 16 X 150 mm. Pyrex tubes plugged 
with cotton. The tubes were maintained at a temperature of 28.30 
+ .05° C. by partial immersion in a water bath designed to accommo- 
date a battery of six 100-watt light globes eighteen inches above the 
water level. The culture tubes were inclined on a wire rack at an angle 
of 45° in order that the plugs would not block the path of the light. 
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The medium adopted for the series of experiments was as follows: 


.50 gram 

.50 gram 

.25 gram 

.10 gram 

; .05 gram 

Partially hydrolyzed casein 5.00 gram 
Distilled water 1000.00 cc. 


This medium was formulated and selected because the nature and the 
relative proportion of the constituents do not change considerably with 
titration or with autoclaving, such as is the case with media containing 
ammonium or bicarbonate compounds, which are unstable in alkaline 
solutions, or calcium sulphate and phosphate, which are only slightly 
soluble in neutral or alkaline solutions. Furthermore, the medium is 
well buffered against changes in hydrogen ion concentration within the 
range in which it was used. Euglena gracilis may live in such a medium 
at pH 6.7 for four weeks without producing a pH change definitely 
detectable with brom thymol blue. The medium was made up in large 
quantities and then subdivided and placed in 500 cc. flasks. The 
medium in each flask was brought to the desired pH value by the addi- 
tion of normal NaOH or normal HCl. The flasks were then plugged 
and autoclaved. Equal amounts (always 10 cc.) of the medium were 
then measured directly into the test tubes by means of a Schelbach 
side-arm burette graduated to .1 cc. The tubes were plugged with 
cotton and autoclaved and were kept in a cool place until used. 

Stock cultures for inoculation were grown in 250 cc. Erlenmeyer 
flasks in the above medium at a pH of 7.0. Transfers were made from 
rapidly dividing stock cultures of 10 to 14 days of age in which practi- 
cally all the organisms were in the flagellated condition. Inoculations 
were made by means of sterile 12-inch Mohr measuring pipettes of 1 cc. 
capacity. The stock culture was shaken for five minutes before inocu- 
lations were begun and was then reshaken before each inoculation. 
The usual bacteriological method of aseptic transfer was used. 

Measurements of hydrogen ion concentration were made with a La 
Motte comparator. The pH value was determined after inoculation 
for one sample tube of each set, and the pH values were determined for 
all other tubes at the end of the experiment. Readings were, in gen- 
eral, accurate to one-tenth of a pH unit, and the final values never 
varied more than this amount from the initial pH value except where 
otherwise stated (Series Illa and IVa). 

The ability of the organisms to grow at various hydrogen ion con- 
centrations was measured by comparing the initial concentration of 
organisms with the concentration in each tube at the end of a definite 
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time. The same method described in Part I (Jahn, 1929) of this series 
of studies was used for counting the flagellates. In all cases the num- 
ber of organisms was counted in at least fifty cubic millimeters of each 
sample, and three samples were counted from each tube. In all cases 
the concentrations of at least two and usually three tubes were averaged 
in order to determine the position of each point on the concentration- 
pH curve. 
EXPERIMENTAL RESULTS 


Four series of experiments were performed, and each series will be 
described in detail. 


Series I 


This series was of a preliminary nature. The medium used was the 
same as that described above, with the exception that the partially 
hydrolyzed casein used was composed of one sample of Difco Trypto- 
phane Broth. The stock solution was brought to pH 2.0 by the addi- 
tion of normal HCl, and then each flask was brought to the desired pH 
value by the addition of normal NaOH. The pH values of the medium 
after autoclaving ranged from 3.6 to 8.9. After inoculation at the 
beginning of the experiment the range was only from pH 3.9 to 8.3, 
due to the neutralizing effect of the 1 cc. of a rich stock culture in the 
same kind of medium at pH 6.7 which was used as an inoculum in each 
case. Four tubes were inoculated at each pH value to be tested, and 
one tube at each pH value was chosen at random and tested colori- 
metrically to determine the initial pH after inoculation. Three extra 
tubes at pH 7.0 were inoculated so that they could be used to determine 
the initial concentration for the series. The average initial count for 
the three tubes was .9 thousand per cc., and this was considered to be 
the initial count for every tube of the series. 

At the end of five days the concentration in one tube of each pH 
value was determined. The concentrations in every case were between 
5.7 and 6.4 thousands per cc., and, considering the fact that only one 
tube of each set was counted, this variation is within the experimental 
error and can not be considered further. It was decided to count the 
other tubes at a later time when differences, if present, would be more 
pronounced. The second count was made on the twelfth day after 
inoculation. The results are shown in Fig. 1. The curve shows two 
maxima, one at pH 3.9 and one at pH 6.8, and two minima, one at pH 
5.5 and one at the highest pH value used, 8.3. 

This bimaximal curve was unexpected, and an explanation was not 
immediately evident. However, since a trypsin-like enzyme had been 
reported for Euglena gracilis (Mainx, 1928), and since the optimum pH 
for the digestion of casein may be between pH 6.0 and pH 7.0, it was 
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presumed that the higher growth rate in this range could be explained 
on the basis of more available necessary food material derived by more 
complete digestion of the casein. However, this point was not proven, 
and the high growth rate at pH 3.9 was yet unexplained. It was 
thought possible that acid hydrolysis of the casein decomposition 
products might have led to the presence of a higher concentration of 
available food material in this more acid range. With this in view, a 
series of amino-nitrogen determinations were performed on unused 
portions of the medium made up at the same time as that used in the 
experiments. 

The formol titration method of Sorensen was used to determine 
the relative amounts of amino-nitrogen present in the samples. Four 
determinations were made for each flask of medium tested, and in all 
cases 7.0 + .3 cc. of N/100 NaOH was necessary to restore the pink color 
to the solution. These results, of course, showed no significant differ- 
ences in amino-nitrogen content of the media at different pH values. 
However, only a slight hydrolysis might have given rise to decomposi- 
tion products of very high growth-accelerating power, and a slight 
hydrolysis could hardly be detected by the method used. 


Series II 


This series was started before the final results were obtained 
from Series I, and it is in some respects a repetition of the former. 
However, the results are quite different. The initial concentration of 
the organisms after inoculation was 1.8, and the range was from pH 3.9 
to pH 7.9. The final concentrations were determined at the end of ten 
days. The results are shown in Fig. 1. It is seen that the maximal 
growth occurred in the most acid tubes. The minimum present at pH 
5.5 in the previous series has apparently shifted to 6.5, and the more 
alkaline minimum of the previous series has failed to make its appear- 
ance. It was believed that the minimum present in the acid range in 
these two series was due to the lack of some particular decomposition 
product present in the more acid and in the neutral and alkaline ranges. 
Therefore, it was decided to provide the organisms with a more varied 
mixture of casein decomposition products, to make the initial concen- 
trations very low, and to make the final counts before the organisms 
became numerous enough to exhaust any one type of food material. 
Such experiments are described as Series III and IV. 


Series III 


The method used in this series was the same as that employed in 
the two preceding ones. The medium was composed of the same in- 
organic compounds, but the partially hydrolyzed casein consisted of 
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material from three different samples of Difco Tryptophane Broth, one 
of which was lighter in color and much more readily soluble than the 
other two, and of two samples of Difco Tryptophane Broth which had 
been subjected to peptic and tryptic digestion. One of these had been 
digested by pepsin for two days and by trypsin for two days; the other 
had been digested by pepsin for two days and by trypsin for four days. 
These two mixtures and the three samples of Difco Tryptophane Broth 
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Fic. 1. Graph showing the results of Series I and II. The concentration of 
organisms in thousands per cc. (C) is plotted against pH. Each point represents the 
average of the concentrations of organisms in two or three tubes of the same pH value. 


were mixed in approximately equal amounts. .The stock solution of 
the medium was made up at pH 7.0, and then each sample was titrated 
to the desired pH value by the addition of normal HCl or normal 
NaOH. 

The initial concentration after inoculation was .1 thousand per cc., 
and the pH range was 2.0 to 9.9. The concentrations of organisms 
were determined at the end of nine days. The data obtained are 
shown in Fig. 2. It is apparent that the organisms grew more rapidly 
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between pH 4.0 and pH 7.5 than in the more alkaline range. The 
optimum at pH 6.6 is still explainable as being due to the presence of a 
trypsin-like enzyme with an optimum at pH 6.7 or thereabouts. It is 
also evident that no growth took place between pH 2.0 and pH 3.6, 
and that little growth occurred at pH 9.9. 


Series IV 


This series was, in all essentials, a repetition of Series III. The 
initial concentration was .85, the pH range after inoculation was 2.0 
to 9.9, and the concentrations of organisms was determined at the end 
of eight days. The results obtained are very similar to those of Series 
III, and they are also given in Fig.2. The optimum at pH 6.6 will bear 
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Fic. 2. Graph showing the results of Series III and IV. The concentration of 
organisms in thousands per cc. (C) is plotted against pH. Each point represents the 
average of the concentrations of organisms in two or three tubes at the same pH value. 
Curve V was obtained by averaging corresponding values of Series III and IV. 


the same interpretation as that given above. Since the pH values of 
the tubes of Series IV correspond exactly to those of Series III, corre- 
sponding values were averaged, and the results were plotted as Curve V 
of Fig. 2. The curve shows a decidedly greater amount of growth be- 
tween pH 4.1 and pH 7.5 than in the more alkaline range. The opti- 
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mum is at pH 6.6 and was probably due to the presence of more avail- 
able necessary food material produced by the action of the trypsin-like 
enzyme. 
Series IIIa and IVa 

In each case the concentrations of the organisms in only two or 
three of the four tubes inoculated at each pH value in Series III and IV 
were determined in order to obtain the curves shown in Fig. 2. The 
other one or two tubes of each set were allowed to remain undis- 
turbed and were examined at the end of seven weeks. At this time 
some of the organisms were encysted on the sides and bottoms of the 
tubes, and accurate counts were almost impossible. However, the 
results of macroscopic examination and of pH determinations are 
shown in Table I. Practically the same results were obtained in both 


TABLE I 








Initial pH Amount of Growth Encystment Final pH 
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Key to the amount of growth: 
~ none. 

+ very slight. 

+ slight. 

Tt moderate. 

+++ abundant. 

++++ very abundant. 


series, and the two are summarized in the table. These results will 
henceforth be referred to as those of Series IIIa and IVa in order to 
distinguish them from the quantitative results obtained in Series III 
and IV at the end of 8-10 days. 


Tests for a Proteolytic Enzyme 


In order to confirm the existence of a proteolytic enzyme which 
might account for the optimal amount of growth at pH 6.6, inoculations 
were made into gelatin and into litmus milk media. Observations at 
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the end of four weeks showed doubtful liquefaction of gelatin and no 
appreciable effect on litmus milk. However, at the end of twelve 
weeks the gelatin cultures were almost completely liquefied, and con- 
siderable peptonization of milk and reduction of litmus were quite evi- 
dent. These results confirmed the existence of a proteolytic enzyme as 
reported by Mainx (1928). 


DISCUSSION 


At the time the present study was undertaken, the question of the 
relation of hydrogen ion concentration to the growth of Euglena gracilis 
was a highly controversial one. The results obtained by previous in- 
vestigators were in a number of cases directly contradictory. The re- 
sults of Zumstein (1900), Ternetz (1912), Pringsheim (1912), Kostir 
(1921), Tannreuther (1923), and Mainx (1924, 1928), although indica- 
tive of the effect of hydrogen ion concentration on E. gracilis, were com- 
plicated by at least one other factor such as the use of organic acids, 
inaccurate measurements of hydrogen ion concentration, or lack of 
bacteria-free cultures. The results of Dusi (1930) are not invalidated 
by such factors, but the observations were qualitative only and, as 
such, are not very informative as regards the effect of hydrogen ion 
concentration on division rate. The present investigation is an at- 
tempt to determine in a quantitative manner the relationship existing 
between the rate of multiplication of Euglena gracilis and the hydrogen 
ion concentration of the medium. 

The curves presented in Fig. 2 may be taken as a measure of the 
ability of motile stages of E. gracilis to grow in a medium composed of 
certain inorganic salts and casein decomposition products at different 
pH values, and the curves of the two series of experiments seem to 
check as closely as might be expected. The maximum at pH 6.6 is 
probably due to the presence of a tryptic-like enzyme which exerts an 
optimum action on casein at pH 6.7. The presence of a proteolytic 
enzyme in cultures of E. gracilis has been demonstrated by Mainx 
(1928), and its existence is confirmed by the gelatin liquefaction and 
milk peptonization experiments of the author. The gradual decrease 
in the amount of growth with increasing alkalinity as shown in the 
curves from pH 6.6 to pH 9.9 checks very closely in both series and is 
quite the type of decrease that might be expected. The sharp rise from 
pH 3.6 to pH 4.1 might possibly be criticized if the range were not so 
great, but inasmuch as the range extended from pH 2.0 to pH 9.9, it was 
not practicable to use pH intervals smaller than those presented. 
However, such a sharp rise in growth-pH curves has been found in the 
case of acid-resistant bacteria. A similar sharp rise has been demon- 
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strated for Escherichia coli and Bacterium aérogenes (Cohen and Clark, 
1919), and therefore it is not surprising that there should be such a 
phenomenon in highly acid-resistant protozoa such as Euglena gracilis. 

The differences between the results of Series III and IV at the end 
of 8-10 days and at the end of seven weeks (Series IIIa and IVa) show 
that although the flagellates multiplied much more rapidly in the acid 
and neutral media for a short time after inoculation, the maximal den- 
sity of population obtained after seven weeks was in tubes of pH 
7.4-7.7. Inasmuch as Series III and IIIa were started at the same time 
from the same stock culture with the same initial inoculation and were 
maintained under the same conditions, and since the only difference 
between them is in the length of time the organisms were allowed to 
multiply, the shift in the optimum amount of growth from acid to alka- 
line media can not possibly be due to an experimental error. This is al- 
so true of Series IV and IVa, and the results of Series III and IV and of 
IIIa and IVa check very closely. This shift in the maximal amount of 
growth is very definite and very consistent in both pairs of experi- 
ments. 

The results of the present investigation are not in direct contradic- 
tion to any of the results of previous workers. However, the fact that 
the division rate of Euglena gracilis is initially higher in acid cultures 
and that the maximum amount of growth is attained in the alkaline 
cultures is very useful in attempting to explain the contradictory and 
apparently valid results of previous investigators. The only disagree- 
ment between the present results and those of previous workers is with 
the results of Dusi (1930), who found that cultures of approximately 
the same density (macroscopic appearance) were obtained from pH 4.5 
to pH 8.5 in a medium composed of beef peptone and inorganic salts. 
However, this might be due to differences in the time of observation in 
the two experiments, or perhaps to differences in the medium used. 

The reason for such a shift in the maximal amount of growth with 
time is a matter of conjecture. One theory which may be presented is 
that there was some unknown limiting factor which inhibited growth in 
the acid cultures after the first few weeks. However, the possible 
nature of such a factor is totally unknown. Another theory which 
might be suggested is that the organisms inoculated into the acid solu- 
tions were temporarily stimulated to more rapid growth by the acid 
and that this stimulus failed to call forth a response after the first few 
divisions. However, the possible existence of such a growth-stimulat- 
ing power of acid has not been demonstrated, and may not be disclosed 
by future investigation. Another theory is that certain hydrogen ion 
concentrations might induce temporary encystment with a concomi- 
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tant change in division rate. It has previously been observed that 
organisms transferred from a neutral medium to a strongly acid one 
may experience what has been termed an “inoculation shock”’ and may 
undergo encystment (Mainx, 1928). However, it seems likely that 
encystment would induce a temporary decrease in division rate, and 
therefore, this theory does not seem to be a likely explanation of the 
present phenomenon. If temporary encystment were accompanied by 
a temporary increase in division rate, the above results might be ex- 
plained. Since practically nothing is known about the relationship 
which probably exists between encystment and hydrogen ion concen- 
tration and between encystment and division rate, and since encysted 
forms were not seen in appreciable numbers in Series III and IV, the 
importance of these factors in determining the above shift in maximal 
population can not be stated at this time. 

The present results indicate that great care should be taken to deter- 
mine the time relationships in experiments whose primary purpose is to 
determine the relationship existing between growth and hydrogen ion 
concentration. This is necessary in order that the early growth rate- 
PH relationships as shown in Series I, III, and IV are not overshadowed 
by other factors which become noticeably effective during a later period 
in the life of the culture, and which might give rise to later contradic- 
tory results such as shown in Series IIla and IVa. It is not clear which 
of the two pairs of experiments represents the truer approximation to 
the usual growth rate-pH relationship existing in Euglena gracilis. The 
maximal growth in acid solutions as shown in Series III and IV might 
be explained as being due to a temporary growth stimulus exerted by 
the acid, and the maximal growth in alkaline solutions in Series IIla 
and IVa as being due to limiting factors which prevented continued 
growth in the acid range. However, since it is somewhat unlikely that 
a growth-stimulating power of acid, if such exists, would show such a 
strong influence at the end of ten days, it seems more probable that 
Series III and IV are truer approximations of the usual growth rate-pH 
relationship. 

SUMMARY 


1. The amount of growth of Euglena gracilis in cultures of different 
pH values has been measured quantitatively at the end of 8-10 days 
and has been estimated macroscopically at the end of seven weeks. 

2. It is demonstrated that bacteria-free cultures of Euglena gracilis, 
in a solution of casein decomposition products and under conditions 
which allow mixotrophic nutrition, show, at the end of 8-10 days, a high 
growth rate between pH 3.9 and pH 7.5 with a maximum at about pH 








EFFECT OF pH ON GROWTH OF EUGLENA 399 


6.6, and a uniformly decreasing growth rate with increasing alkalinity 
between pH 7.5 and 9.9. 


3. It is also demonstrated that at the end of seven weeks the most 
growth is found to have occurred in the alkaline range, and that the 
maximal density of population is at about pH 7.5. 

4. It is shown that the results of previous investigators, heretofore 


considered contradictory, may be explained on a basis of the time rela- 
tionships involved. 


5., The existence of a proteolytic enzyme in cultures of E. gracilis is 
confirmed. 
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THE MUSCULAR ACTIVITY AND OXYGEN CONSUMPTION 
OF URECHIS CAUPO 


VICTOR E. HALL 


(From the Physiological Laboratory of the Hopkins Marine Station, Pacific 
Grove, Calif.) 


I. INtRopUCTION: NATURAL HIstToRY 


Urechis caupo, a large marine echiuroid worm recently discovered 
on the California coast by Fisher and MacGinitie (1928), presents by 
virtue of its habits of life a unique opportunity for the quantitative 
study of the interrelations between muscular activity, rate of metabolism 
and the mechanism of exchange with the environment. 

The animal digs and lives in a U-shaped burrow in the mud of 
shallow estuaries, leaving it only occasionally to construct a new burrow. 
The upper ends of the burrow open freely to the water. The requisite 
exchanges with the environment: respiratory, nutritive, excretory and 
reproductive, are accomplished by the animal forcing a stream of 
water through the burrow. The movement of water is produced by 
peristaltic waves in the musculature of the body wall, originating at or 
near the anterior end, and passing posteriorly. The integument in the 
region between two consecutive waves is pressed closely against the 
wall of the tube. Accordingly, water between the integument of the 
constricted regions and the sides of the burrow is carried posteriorly 
with the peristaltic wave. The worm from time to time turns around 
in the tube, thus reversing the direction of the stream. 

The mode of feeding is unusual. Near the anterior end of the 
worm there is a ring of specialized mucous glands. The animal presses 
the body wall in the region of these glands firmly against the side of 
the burrow; then, as the glands secrete, it backs away, leaving a tube of 
mucus attached to the burrow at one end, and to its integument at the 
other. The peristaltic movements, usually suspended during the forma- 
tion of the tube, are now resumed, drawing a stream of water through 
the mucus tube, which acts as a filter. Particles over one micron in 
diameter are retained. After filtration of water has continued for some 
time, the worm moves forward, seizes the tube with the proboscis and 
swallows it whole. Since the food consists of particles included in 
the detritus of the estuary bottom, this mechanism enables the animal 

400 





ACTIVITY AND O: CONSUMPTION OF URECHIS 401 


to obtain nutriment without leaving the burrow. The above descrip- 
tion of the animal’s habits is adapted from Fisher and MacGinitie’s 
account. 

Urechis may be kept in the laboratory indefinitely if placed in glass 
U-tubes of dimensions approximating those of the burrow and if given 
access to aérated sea water. Several specimens, introduced into such 
tubes over three years ago by Professor MacGinitie of the Hopkins 
Marine Station, are now in excellent condition. Their behavior in the 
laboratory is consistent, as far as is known, with that in their natural 
habitat. 


II. Activity: VoLUME oF WATER PumMpED THROUGH TUBE 


The volume of water pumped through the tube in which the animal 
is living is of interest from two viewpoints: First, since the peristaltic 
activity of the body wall musculature constitutes by far the greatest 
part of the muscular activity of the animal, a measure of the volume 
pumped may be regarded as an approximate indirect measure of the 
total muscular work. Second, since all exchanges with the environ- 
ment are mediated through this stream, its measurement yields data 
relative to the potentially available oxygen and food supplies, and to 
the facilities for disposal of metabolites and reproductive products. 

The method of measurement of the volume pumped is closely 
related to that devised by Galtsoff (1928) for the study of the flow of 
water produced by the gills of the oyster. 

The apparatus is diagrammed in Fig. 1. One Urechis (A) was 
introduced into a glass U-tube (B), about 2.5 cm. in diameter, the 
length of the horizontal segment being 30 cm. and that of each vertical 
segment 25 centimeters. The tube was placed in an aquarium of 
approximately 100 liters capacity, through the glass front of which 
the animal could readily be observed. A stream (J) of aérated sea 
water, filtered free of food materials, entered the aquarium continu- 
ously and overflowed from a fixed aperture (C), thus maintaining a 
constant level in the aquarium. The temperature in the aquarium 
ranged from 15.4 to 18.8° C., the average being 16.9 degrees. 

The ends of the U-tube projected above the level of the water in 
the aquarium. A siphon tube (D) admitted water from the aquarium 
into the artificial burrow at one end. The water, forced through the 
tube by the work of the worm, passed by means of a second siphon 
at the other end into an Erlenmeyer suction flask (E). The flask was 
so adjusted that, when filled until water overflowed through the side 
tube (F), the level in the flask was the same as that in the aquarium. 
Since the level of water in all vessels was the same, the only factor 
causing water to move was the pumping activity of the worm. The 
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overflowing water was caught in a graduated cylinder (G). Collections 
were made, as a rule, for five-minute periods. The rate of flow was 
expressed in cubic centimeters per minute. 

Since the animals frequently turn around in the tubes, it was neces- 
sary to duplicate inlet siphon, outlet siphon and overflow flask, so that 
the flow could be measured in either direction. The siphons not neces- 
sary at the moment were closed with pinchcocks. For simplicity, there 
is represented in Fig. 1 only that portion of the apparatus required for 
measurement of the flow in a single direction. 


Fic. 1. Apparatus for measurement of volume of water pumped by Urechis. 
Description in text. 


The high degree of variability in the rate of pumping which was 
found made it seem wise to make a number of observations on a few 
individuals over a considerable period of time rather than a few obser- 
vations on each of a large number. Accordingly, only two animals 
were employed, both near the average size of mature worms, i.e., about 
60 grams weight. Worm I was perhaps twenty per cent larger than 
Worm II. 


1 Professor G. E. MacGinitie of the Hopkins Marine Station, Stanford Uni- 
versity, kindly provided me with the following weights of ten mature specimens 
of Urechis: 


Maximum, Minimum, 
grams grams 


Total body weight =" ‘ 82.4 
Weight without blood ~~ ; 53.1 
Weight of blood ‘ 31.3 
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The worms were kept in their tubes undisturbed throughout the 
whole duration of the experiments,—about two months. A period of 
about a week was permitted for adaptation to their new environment 
before collection of data was begun. 


Results 


With the animals under constant standard conditions, the rate of 
pumping during five-minute periods ranged from 0 to 50 cc. per minute. 
Two factors in the production of this variability were noted: (1) a 
consistent increase during the feeding periods—a factor which has been 
studied in some detail; and (2) long periods of inactivity during which 
the worm lies in a cylindrical form with integument in contact with the 
glass over its whole length and shows no movement. Such periods may 
last from twenty minutes to well over an hour. They are- usually 
terminated by the worm turning around, and then resuming pumping. 
Concerning the significance of these periods of inactivity no suggestions 
are offered. 

However, even if these sources of variability be excluded by the 
choice of non-feeding periods during which the worm was continually 
active, there remains a high unexplained variability. For example, in 
the case of Worm I in twelve consecutive five-minute periods, in all of 
which it was active and during which no feeding occurred, the rate of 
pumping ranged from 8.3 to 29.2 cc. per minute, the mean being 19.3 
and the average deviation from the mean, 5.0 cc. per minute. 


Average Volumes Pumped . 


In Table I the results of a number of experiments are tabulated. 
The first three columns contain the data for the whole period of each 
observation ; the second three columns, the data for the portion of the 
period during which the worm was feeding; and the third three columns, 
the data for the portion during which it was not feeding. The last 
column shows the ratio of the rate of pumping when the worm was 
feeding to that when it was not feeding. The averages are weighted. 

It will be seen that the larger worm averaged throughout the experi- 
ments 16.5 cc. per minute; the smaller, 10.2 cc. per minute. The 
variability among the averages of the experiments is considerable. 
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Feeding Cycles 


The following descriptive data were obtained from a series of 
twenty-five cycles during which the worms were observed to be feeding. 

Frequency of occurrence: Worm I produced a tube on the average 
0.7 times per hour; Worm II, 1.5 times per hour. 

Duration of feeding periods, from completion of tube to swallowing 
of tube: averages, Worm I 18.3 minutes; Worm II 8.7 minutes. It is 
interesting to note that the number of minutes spent in feeding per 
hour of elapsed time is closely similar in the two animals: Worm I 12.8 
minutes per hour; Worm II 13.1 minutes per hour. The larger worm, 
which fed much less frequently, compensated by greater duration of 
each feeding period. 

Course of activity during the feeding period: Onset: In 18 of the 
25 cycles examined there was a decrease in the volume pumped during 
the five-minute period during which the tube was formed. The actual 
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Fic. 2. Rate of pumping by Worm I for a 95-minute period, during which 
two feeding cycles occurred. The rectangles A and B indicate the time between the 
formation and swallowing of the tube in each cycle. 


formation of the tube occupied about 30 seconds—during which time 
active pumping was suspended. Course: In the period during which 
the tube is present, there was observed in 23 of 25 cycles a clear-cut 
increase in the rate of pumping as compared with the rate before and 
after the feeding period. There is often a step-wise increase during 
the first two or three five-minute periods to an irregular plateau in the 
curve of pumping rate. End: Immediately or within five minutes after 
the swallowing of the tube there is commonly, but by no means in- 
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variably, a decrease in the rate of pumping to below 5 cc. per minute. 
In Fig. 2 there are represented graphically two consecutive cycles which 
occurred relatively closely together. 

Average of activity during the cycle as compared with that during 
intervals between cycles: These data are included in Table I. The 
marked increase during feeding is clearly evidenced by the fact that 
the average ratio of the rate of pumping during feeding periods to that 
during non-feeding periods is, in Worm I 1.8; in Worm II 2.3. 
Comparable increases are present in all experiments without exception. 
In only two of the 25 cycles examined was there no increase. In one 
of these periods the worm ate the tube within half a minute of making 
it. In the other, an increase in activity occurred before the feeding was 
observed. Here it is possible that the tube had been formed earlier 
and was overlooked for some minutes. 


Discussion 


Since the current of water pumped through the burrow finds its 
significance to the organism by making possible exchanges of materials 
with the external environment, a discussion of its role with respect to 
certain of such materials is pertinent. 

(1) Oxygen. The respiratory significance of the current has been 
discussed by Redfield and Florkin (1931), their discussion being based 
in part upon the results communicated in this paper. These authors 
point out that the animal utilizes only one-third of the oxygen in the 
water inhaled into the hind-gut. Accordingly, at the normal rate of 
oxygen consumption 0.013 cc. per minute, a hind-gut ventilation of 
6.9 cc. of water would be necessary. Since the average rate of pumping 
amounts to about thirteen cubic centimeters per minute, the current is 
about twice that necessary for the maintenance of normal respiratory 
relations. 

In an attempt to determine the mechanism of adaptation of the 
worm to waters of low oxygen content, in eight experiments conducted 
with the apparatus described above, the worms were given access for 
approximately an hour to sea water boiled until its oxygen content was 
reduced from about 4.6 to about 2.5 cc. per liter. The oxygen pressure 
was thus reduced to about seventy millimeters Hg. The pH of the 
sea water, increased by the boiling, was readjusted to the normal value 
of 8.2 by addition of a small quantity of dilute hydrochloric acid. The 
activity of the worms under these conditions was compared with that 
during similar hour periods, immediately before and after, during which 
normal sea water entered the tube. No consistent effect was observed, 
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activity being greater in four experiments, unaltered in one and de- 
creased in three. The average, however, is 40 per cent greater than 
that of the control periods. 

As will be described in Part III of this paper, a reduction of oxygen 
pressure to 70 mm. Hg is accompanied by a reduction of oxygen con- 
sumption to about fifty-five per cent of that in normal sea water. 
The fall in oxygen consumption is of itself adequate to compensate 
for the decreased amount of oxygen available in the water. This fact, 
rather than a consistent increase in the current of water pumped 
through the burrow, appears to be the adaptive response of the animal 
to water of low oxygen content. For further discussion of this matter, 
see Redfield and Florkin (1931). 

(2) Food. The food requirement of the animal (expressed in 
some such units as calories per hour), together with the food value of 
the sea water (in calories per liter), determine the volume of water 
(liters) which would be required to be filtered in order to meet the 
requirement. It is conceivable that this might be accomplished by 
means of a continuous stream of constant intensity. However, Urechis 
instead employs the same device as the higher animals, that of periods 
of intense food-getting activity alternating with periods in which the 
animal is freed for other activities. Thus, Urechis spends only about 
one-fifth of its time in the obtaining of food. In order to accomplish 
the required filtration within this restricted time, a relatively high degree 
of activity is necessary. Unfortunately the data are not available 
which would make possible an assessment of the significance of the 
magnitude of the stream for feeding as has been done for oxygen. 

Under the conditions of the experiments the worms were provided 
with sea water so filtered as to be practically devoid of food value. 
They had been, and were, accordingly, in a state of chronic starvation. 
Whether this would serve to evoke a maximum intensity of food-getting 
activities, or would rather, after a time, cause decreased activity and 
reduced rate of metabolism as occurs in the chronic inanition of mam- 
mals (Lusk, 1928), is not known. However, the fact should be borne 
in mind in any attempt to apply the data to Urechis in its normal habitat. 

The stimulus provoking the feeding reaction is not known. That 
it is not of external origin is shown by the fact that the two worms, 
in similar tubes side by side in the aquarium, subjected to the same 
environmental influences, including light, jarring, etc., and receiving 
the same sea water, carried out their feeding reactions totally inde- 
pendently of each other in time. The stimulus is probably of internal 
origin. 

If, during the period of feeding, a relatively minor mechanical 
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disturbance be brought about, such as gently moving the inlet siphon 
tube, the worm abruptly stops pumping, casts loose the mucus tube and 
backs down into the horizontal part of the U-tube. 


III. OxyGeEn ConSUMPTION 


The oxygen consumption of Urechis was determined by two methods 
which yielded similar results: (1) a worm, active in a U-tube under the 
conditions described above, pumped water from the aquarium into the 
Erlenmeyer suction flask which had previously been filled with mineral 
oil, so displacing the oil with water. The oxygen content of the water 
in the U-tube in front of the worm (incoming water) and of that in 
the flask at the end of the period (outgoing water) was determined by 
the method of Winkler (1888), samples being withdrawn by means of 
siphons (H and J of Fig. 1) without disturbing the animal in any way. 
Knowing the oxygen content of the incoming and outgoing waters and 
the volume pumped, the oxygen consumption could be readily calcu- 
lated. 

(2) A worm was placed in a jar containing approximately three 
liters of sea water, over the surface of which a layer of mineral oil 
about one-fourth inch thick was floated. Samples of water were with- 
drawn at intervals by means of a siphon and their oxygen content 
determined by the Winkler method. 


Results: First Method 


In Table II are tabulated the oxygen consumption (in cc. per min- 
ute), the oxygen partial pressure in the incoming water (mm. Hg), 
the oxygen content of the incoming and of the outgoing waters (cc. 
per liter), and activity or volume of water pumped (cc. per minute). 
The experiments are arranged in order of increasing activity. It will 
be noted that there is a general tendency for the oxygen consumption 
to increase with increasing activity, as would be expected. There is, 
in these experiments, no consistent relation between the oxygen partial 
pressure of the incoming water and the oxygen consumption of the 
animals. The oxygen consumption rate of the two worms is almost 
identical, being 0.0130 and 0.0136 cc. per minute respectively. 


Second Method 


The oxygen consumption of the animals kept in jars under oil was, 
during the initial period of each experiment, as follows: 0.0141, 0.0173, 
0.0281 and 0.0120; average, 0.0179 cc. per minute. These values are 
definitely higher than those obtained for the oxygen consumption of 





ACTIVITY AND O: CONSUMPTION OF URECHIS 409 


worms in the U-tubes. The difference is attributable to the exaggerated 
peristaltic activity exhibited by the animals in the jars. Apparently, 
the absence of the normal contact of the integument serves to activate 
the animal’s movements. These values are accordingly considered less 
representative of the metabolic rate under normal conditions than those 
obtained by the U-tube method. 

A comparison of the oxygen consumption of Urechis with that of 
closely related forms determined by other workers follows. 


TABLE II 


Oxygen Consumption of Urechis in U-tubes 


Outgoing 


Incoming water water 


Oxygen 


. ; Activity 
Consumption 7 


Oxygen Oxygen 
Content Content 


cc.|min. i [li ce. /liter cc.|/min. 
0.0091 ‘ J 2.80 4.3 
0.0085 é * 3.51 8.5 
0.0154 . ‘ 3.17 10.7 
0.0123 i i 6.10 19.5 
0.0150 ; 3.01 50.0 
0.0178 ‘ i 3.02 54.3 


Average 
II, 0.0097 j 4.18 17.9 
0.0118 ; 2.92 24.7 
0.0194 ; 2.92 45.2 


Average....... 0.0136 


Comparison of Metabolic Rates of Certain Invertebrates 


Animal Author Oxygen Consumption 
cc. O2 gm./min. 
Lumbricus Averaged results of Thunberg, Lesser and 
Konopacki, quoted by Krogh (1916)..... 0.00189 
Glycera siphonostoma §_ Cohnheim (1911-12) 
Montuori (1913) 
Hirudo Rogers (1927) 
Sipunculus nudus Cohnheim (1911-12) 
Urechis Present author 


Urechis thus possesses a metabolic rate of magnitude comparable 
to related forms but distinctly lower. This is in part attributable to 
the fact that this animal has a blood volume disproportionately great 
for its size as compared with allied forms. Thus, an average-sized 
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animal weighing 62.5 grams possesses blood weighing 21.8 grams. 
Although the corpuscles are true cells, it is doubtful whether their 
metabolism would give to the blood a rate of oxygen consumption per 
gram comparable to that of the fixed tissues. If the total oxygen 
consumption be calculated on a basis of fixed tissue weight, it becomes 
0.00033 cc. per gram per minute. 
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Fic. 3. Relation of oxygen consumption to oxygen partial pressure. Urechis. 
The letters at the extremities of the curves indicate the correspondence of the 
curves to the experiments reported in Table III. 


Oxygen Consumption and Oxygen Pressure 


In the experiments in which worms were placed in jars containing 
approximately three liters of sea water, the oxygen content of the water 
was determined at intervals as it fell due to the metabolism of the 
animals. In several cases the rate of fall was accelerated by placing 
three worms in a jar instead of a single one. When the oxygen content 
had fallen to about 0.2 cc. per liter, the experiment was discontinued. 
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The worms were still active, as shown by persistence of spontaneous 
peristaltic activity. 

To determine the oxygen partial pressure of the sea water, the 
oxygen content was plotted against time, and the oxygen content read 
off the curve for the middle of each period between successive samplings. 
Under the conditions of the experiments, namely, at a temperature of 
17° C., an atmospheric pressure of 760 mm. Hg, and a sea water 


Tas_e III 


Oxygen Consumption and Oxygen Pressure 


Experiment and Duration Initial O2 Os pressure Oxygen 
period number of period content at mid-period consumption 


cc./min./worm 
0.0118 
0.0024 
0.0013 


A: 


Whe 


0.0039 
0.0011 
0.0001 


Ww de 


0.0173 
0.0063 
0.0037 
0.0006 
0.0006 


on 
2 
3 
4 
5 
6 


0.0281 
0.0120 
0.0115 
0.0028 


Ur @ Nr 


* At the conclusion of Experiment B, the greater part of the water was removed 
from the jar and fresh water substituted. The earlier parts of Experiment C then 
represent post-anoxybiotic metabolism, the more active oxygen consumption sug- 
gesting that an ‘‘oxygen debt’’ was being made up. 

In Experiment A one worm was used, in the remaining experiments, three. 


chloride content of 19 grams per liter, the oxygen content of water in 
equilibrium with atmospheric air is 5.66 cc. per liter (measured at 
N. T. P.). (Fox, 1907.) Under these conditions the oxygen partial 
pressure is 159.6 mm. Hg. The partial pressure of any sample of such 


water of which the oxygen content is known can be readily calculated 
by application of Henry’s law. 
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To determine the rate of oxygen consumption, the change of oxygen 
content in any period was multiplied by the volume of water then 
present, due allowance being made for the volumes removed in sampling. 

These data are presented in Table III and are represented graphi- 
cally in Fig. 3. It is clear that, under the conditions of these experi- 
ments, the oxygen consumption of the worms decreased in an approxi- 
mately linear manner with the oxygen pressure throughout the range 
of 116.8 to 3.9 mm. Hg. It has already been noted that the oxygen 
consumption of worms active in U-tubes bore no consistent relation to 
oxygen pressure at least over the range of 138.2 to 93.3 mm. Hg. 
These results are not necessarily in conflict, for (1) the ranges of pres- 
sure are not the same, overlapping by some 25 mm. Hg, and (2) the 
experimental conditions differed significantly. 


Discussion 


The large literature which has accumulated relative to the influence 
of oxygen pressure on oxygen consumption has been most recently 
reviewed by Helff and Stubblefield (1931), who list the animals studied 
and classify their responses, and by Buchanan (1931), who gives a 
short historical survey of theoretical interpretations of the relationship. 

Various reasons have been given for the fall of oxygen consumption 


which accompanies a decrease in oxygen pressure below a critical value. 
The applicability of these suggestions to the respiratory mechanism of 
Urechis will be discussed : 

(1) Oxygen deficiency in metabolizing cells due to inadequate trans- 
port of oxygen to them. Accepting the doctrine of Pfliiger (1872) that 
the oxygen consumption rate of cells is determined by their own organ- 
ization and is independent of the concentration of oxygen in their 
immediate milieu, provided that the latter be above zero, Krogh (1916) 
concluded that the decline in oxygen consumption with decreasing 
oxygen pressure of the external medium was due to the attainment by 
successive groups of cells of an oxygen-free state, with consequent 
cessation of metabolism. This condition might result either from the 
absence of adequate respiratory and circulatory mechanisms, or from 
relatively slow diffusion of oxygen into the region of active oxidation. 
This conclusion has been questioned by, among others, Gerard (1931), 
who has shown by careful mathematical analysis of the interrelations 
between the oxygen consumption rate, pressure and diffusion rate in 
the case of unicellular organisms that Pfliiger’s assumption is incom- 
patible with experimental results. He concludes that oxygen consump- 
tion must change with oxygen pressure over a significant range in that 
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region where the oxidation is actually taking place. Factors such as 
alteration of permeability to oxygen or change in concentration of 
oxidative enzymes (Buchanan, 1931), or decreased adsorption of oxygen 
on catalysts of biological oxidation (Shoup, 1929) have been suggested 
as possible mechanisms. : 

In Urechis, the respiratory and circulatory mechanisms, which have 
been quantitatively analyzed by Redfield and Florkin (1931), are quite 
effective, and possess large “factors of safety.” The current of water 
through the burrow carries about six times as much oxygen as is used 
in metabolism. Only one-third of the oxygen taken into the hind-gut 
is utilized. The attainment of equilibrium between hind-gut water and 
blood, and between blood and active tissues, is facilitated by the peri- 
staltic movement of both hind-gut and body-wall. The maximum dis- 
tance from blood to muscle rarely exceeds one millimeter. The rate 
of metabolism is such that only one-sixtieth of the blood oxygen content 
is used per minute. The hemoglobin, fully saturated at the normal 
physiological oxygen pressure, becomes an oxygen transporter at lower 
oxygen pressures. From these considerations it seems justifiable to 
conclude that deficient oxygen transport te the active cells is not respon- 
sible for the fall in oxygen consumption with falling oxygen pressure 
in the sea water provided to the animal. 

(2) Accumulation of carbon dioxide might decrease oxygen con- 
sumption, either of itself or by increasing the hydrogen ion concentra- 
tion. In Experiment D, the three worms decreased the oxygen content 
of the 2664 cc. of sea water by 11.0 cc. at the end of 4.35 hours, by 
which time the oxygen pressure was 14.4 mm. and the oxygen consump- 
tion reduced to 10 per cent of its initial value. Assuming an R. Q. 
of 1, 11.0 cc. of carbon dioxide would be formed, which, in the volume 
of 2664 cc., would increase the carbon dioxide concentration by 
0.00017 M. From the data of McClendon (1917), it may be estimated 
that this, in normal sea water, would cause an alteration of 0.05 mm. 
Hg in carbon dioxide pressure, and a pH decrease of 0.07. 

Moderate increases in CO, pressure in the case of sea urchin eggs 
(Warburg, 1910), the lobster Homarus americanus and the sand worm 
Nereis virens (Amberson, Mayerson and Scott, 1924), and certain 
aquatic insects (Hiestand, 1931) did not decrease oxygen consumption. 
Root (1930) found in fertilized Arbacia eggs that each 10 mm. Hg of 
CO, pressure reduced oxygen consumption by 21 per cent. It is ob- 
vious that the change produced by 0.05 mm. CO, pressure would be 
negligible. Although Burfield (1928), using plaice eggs, and Fowler 
(1931), using Daphnia, found that CO, depresses oxygen consumption, 
their experiments are not described in a manner permitting evaluation 
of the small change under consideration here. 
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It seems improbable that accumulation of carbon dioxide was a 
major factor in the depression of oxygen consumption observed in 
Urechis? 

(3) Alteration in the intensity of muscular activity. No careful 
studies of the relation of the degree of spontaneous muscular activity 
to the oxygen pressure of the external environment have been found 
in the literature, although the necessity of controlling this factor is well 
recognized. Attempts to remove its influence by anesthesia (Gaarder, 
1918; F. G. Hall, 1929) introduce new complexities, as the anesthetic 
used, ethyl urethane, is known to depress basic metabolism (Field and 
Field, 1931). 

As has already been stated, reduction to 70 mm. Hg of the oxygen 
pressure of the water supplied to Urechis in U-tubes produced con- 
sistent changes in neither the degree of muscular activity nor the oxygen 
consumption. On the contrary, the oxygen consumption did tend to 
vary with the muscular activity. In this case, any influence which 
lowered oxygen pressure may have had upon oxygen consumption was 
overshadowed by the influence of muscular work. It is possible that, 
had lower oxygen pressures been employed, an influence of this factor 
might have been uncovered. 

Unfortunately, no quantitative observations of the muscular activity 
of the worms in jars were possible. 

(4} Alteration in character of metabolism. It is possible that the 
exothermic processes yielding energy for basic and functional metabo- 
lism, such as the decomposition of glycogen with the formation of lactic 
acid, might proceed throughout the period at a relatively constant rate, 
while the reconstitutive processes, which are directly or indirectly de- 
pendent on oxidations involving molecular oxygen, might lag behind, 
with the consequent accumulation of an “oxygen debt.” In a single 
experiment Table III, (Experiment C) some evidence of the occurrence 
of such a process was obtained. 

From the facts considered above it does not seem legitimate to 
draw any positive conclusions as to the reason for the depression of 
oxygen consumption accompanying the decreased oxygen content of 
the water. The role of muscular activity and of the qualitative aspect 
of metabolism merit further investigation. 

2 Since Redfield and Florkin (1931) have shown that the oxygen dissociation 
curve of Urechis hemoglobin is not influenced by the carbon dioxide pressure, 
criticism, such as Keys (1930) has urged against the work of F. G. Hall (1929) 


and others on the grounds that carbon dioxide would interfere with oxygen trans- 
port, is inapplicable to the present investigation. 





* 


ACTIVITY AND O. CONSUMPTION OF URECHIS 


SUMMARY 


The greater part of the muscular activity of the echiuroid worm 
Urechis caupo is involved in pumping a current of water through its 
U-shaped burrow. The magnitude of this current was studied in 
artificial burrows, food-free water being supplied to the animals. When 
the animal is not feeding, the current amounts to about eleven cubic 
centimeters per minute. During feeding periods, the rate of pumping 
rises to about twenty-nine cubic centimeters per minute. The fre- 
quency, duration and course of activity during these feeding periods has 
been studied. The significance of the stream in relation to provision 
of oxygen and food is discussed. 

The oxygen consumption of the animals in U-tubes amounts to 
0.00021 cc. per gram per minute, being comparable to that of related 
forms. It is independent of the oxygen pressure down to a value of 
70 mm. Hg. 

The oxygen consumption of the worms when placed in covered jars 
decreases with falling oxygen pressure throughout the range investigated, 
115 to 4mm. Hg. The reasons for this fall are discussed. 

The author wishes to acknowledge his indebtedness to Mr. G. E. 
MacGinitie for providing the animals used and for much useful advice 
in their handling, to Dr. A. C. Redfield for suggestions which made 
possible correlation of this work with that being carried out simultane- 


ously by himself and Florkin on the same animal, and to Fr. L. Rudolph, 


Mr. C. Watson and Mr. A. Fryer for assistance in carrying out the 
experiments. 
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THE BLOOD PIGMENTS OF URECHIS CAUPO 


J. P. BAUMBERGER anv L. MICHAELIS 
(From the Jacques Loeb Laboratory, Hopkins Marine Station, Pacific Grove, Calif.) 


The echiurid Urechis caupo was discovered by Fisher and Mac- 
Ginitie and is an abundant inhabitant of the Monterey Bay in Cali- 
fornia.’ One of its interesting features is its richness in hemoglobin. 
This has been the subject of an extended study by Redfield and 
Florkin.? It is a peculiarity of this invertebrate that its hemoglobin is 
contained within the blood cells and none in the blood fluid. Another 
localization of the hemoglobin is the muscles, which are not vascular- 
ized but contain all hemoglobin within the muscle cells; and, further- 
more, the dorsal nerve chord appears red with hemoglobin. There are, 
however, several other particular aspects with respect to the blood 
pigment which are to be presented in this paper. In part, they are 
concerned with changes, probably according to the age or to the seasons, 
which could not be fully studied during one season. The description 
of these changes will be presented as they appeared to be and may be 
subject to modifications as further studies may be extended over a 
longer period of time. 

The animals at our disposal varied in length, in the contracted state, 
from 3 to 10 inches. Accordingly, the blood content of the body 
cavity varied from 10 to 30 cubic centimeters. The color of the blood 
varies, from the purest oxyhemoglobin-red to the darkest brown-black 
or a black like chinese ink, even after complete saturation with oxygen. 
This variation of the blood is a very striking feature and obviously has a 
definite physiological significance. 

Red blood was encountered in some few of the smallest individuals, 
and in some of the very largest sex-mature females. The majority of 
the individuals, of medium size, contained brown or brown-black blood. 
The blackest blood ever encountered was that of a very large sex- 
mature male. The cause of the difference in color is revealed by a 
microscopic examination. The red color of the blood is due to hemo- 
globin homogeneously distributed within the blood cells. Whenever 
the color is brown, besides this hemoglobin there is another, granular, 
pigment of brown color within the cells which will be proved to be 


1 Fisher, W. K., and MacGinitie, G. E., (1928), Ann. and Mag. Nat. Hist., Ser. 
10, vol. 1, p. 199 and p. 204. e 
2 Redfield, E., and Florkin, M., 1931. Biol. Bull., 61: 185. 
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hematin. The description of the changes in these pigments may be 
presented according to ideas developed during a study of two months. 
This may not be sufficient to make sure of all details, and the whole 
picture may be liable to some modifications upon more extended 
studies. 

We start from a pure red blood in a young animal, recalling the 
fact that not every small animal of our material contained the blood in 
the red condition. In such an animal, the blood cells are spherical, 
about 10-15 yw in diameter. The protoplasm is diffusely yellowish- 
green with hemoglobin and, besides, rather tightly packed with color- 
less granula of regular spherical shape, of a rather high refractory 
index,—though not so high as that of fat drops,—and about 1 yu in size. 
No nucleus is visible in the fresh preparation but a nucleus becomes 
visible after fixing and staining (fixed in acetone and stained with 
safranin). The nucleus is small, in the centre of the cell, and contains 
a distinct nucleolus. Besides these cells, there is another kind, usually 
somewhat smaller, much less numerous, containing yolk-yellow drop- 
lets of a considerable size which often are conglomerated into a mul- 
berry-like packet. 

When the blood becomes brown, the granula of the hemoglobin- 
containing cells are no longer colorless but are stained with a brown 
pigment The granula, then, are no longer quite uniform in size and 
spherical in shape, but somewhat more irregular. The size of the 
cell is the same as in the red blood of young worms. This aspect was 
most common among our material. 

Now we come to the large sex-mature worms. Here a difference 
arises according to the sex. One feature is common for both sexes. 
The corpuscles become larger, up to 35 u in diameter, and more variable 
in size. In the males, the brown pigment no longer stays exclusively 
within the granula, but is more homogeneously scattered over the cell 
so that the hemoglobin color is overshadowed and can be detected only 
by the spectroscope. The granula at the same time undergo a dis- 
integration. They swell and have indistinct contours, being, as it 
were, dispersed into a turbid mass without definite structure. At the 
same time very small, spherical, quite black pigment granula, very 
dense in structure, and not very numerous, are formed within the cell. 
We do not know whether the development will go beyond this stage, 
but it appears as though all hematin would gradually disappear and in 
part be converted into the dense black pigment. 

The disintegration of the brown granula takes place in the females 
also; but it does not lead to the formation of black granula within the 
blood cells. Rather is the blood cell gradually deprived of any pigment 





BLOOD PIGMENTS OF URECHIS 419 


except for the hemoglobin. Instead, a pigment is formed within the 
eggs, and there can be little doubt that the brown blood pigment is the 
source of the black egg pigment. 

The egg is a very large cell of almost the same aspect as that of 
Asterias, also with respect to the size and shape of the nucleus. After 
insemination, the nucleus disappears and the polar bodies are formed. 
In the protoplasma of the egg a very fine dust of pigment granula is 
scattered. The number of these granula is not very large so that the 
eggs show macroscopically only a very slight yellowish-grey shade. 
These pigment granula are in part black, in part somewhat more dark 
red. The black pigment has the same shade as the one in the erythro- 
cytes of the male, the difference being only that the black granula in the 
eggs are usually smaller than those in the male erythrocytes. Upon 


Fic. 1. Blood cell with regular, colorless granula of a relatively high refractory 
power. Hemoglobin is diffusely dissolved in the protoplasma, not in the granula. 
Fresh preparation. 

Fic. 2. Blood cell with hematin-stained granule. Granula brown, protoplasma 
yellowish-green with hemoglobin. Fresh preparation. 

Fic. 3. The same, dry smear, fixed with acetone and stained with safranin. 
Nucleus with nucleolus. 

Fic. 4. Smaller cell with yolk-yellow droplets, containing sometimes also a few 
hematin granula. Fresh preparation. 

Fic. 5. Larger blood cell of a sex-mature female, with only a few hematin 
granula. The whole protoplasma is diffusely yellowish-green with hemoglobin, with 
no distinct structure. Fresh preparation. 

Fic. 6. Larger blood of a sex-mature female, yellowish-green with hemoglobin, 
without any hematin, very fine colorless granula of low refractory power. Fresh 
preparation. 

Fic. 7. The same, without any distinct granular structure, pure hemoglobin 
shade in the whole protoplasma. Fresh preparation. 

Fic. 8. The same, dry smear, fixed with acetone and stained with safranin, 
showing the nucleus. 

Fic. 9. Blood cell of an old male, black pigment besides colorless granula. The 
protoplasma is diffusely light brown. Fresh preparation. 





420 J. P. BAUMBERGER 


confronting the fact that the black pigment is met, in the males, only 
within the blood cells and never in the sperm, and in the females only in 
the eggs and never in the blood cells, the interpretation seems unavoid- 
able that the brown pigment is the mother material for the black one 
and is utilized for the eggs in the female, but remains in the blood cells of 
males. 

It is likely that the brown pigment (which will be identified with 
hematin) is converted, in part, into the black granular pigment, and 
also in part into hemoglobin again. This latter conclusion is suggestive 
because the sex-mature females with purely red blood have blood cells 
of a much larger size than younger animals and yet these cells certainly 
do not contain the hemoglobin in a lower concentration. 

The blood cells can be hemolyzed by a copious amount of distilled 
water, or in the undiluted blood, by some drops of ether, or better, by 
gently shaking with a drop of octyl alcohol. The granula described 
above will float isolated in a preparation of the laked blood. The color- 
less granula remain as individuals, very often also the brown granula, 
though these may also be disintegrated to finer pigment granula of 
yellow brown color. All transitions can thus be observed from color- 
less granula to partially and completely stained granula. 

The chemical behavior of the hemoglobin has been fully described 
by Redfield and Florkin. It agrees in all its reactions and in all optic 
properties with mammalian hemoglobin. It can be separated from 
the brown pigment simply by centrifuging the blood hemolyzed with a 
drop of octyl alcohol. The brown pigment is entirely insoluble and 
forms the main part of the cake-like sediment, whereas the hemoglobin 
is dissolved in the supernatant liquid. The brown pigment can be ex- 
tracted from the cake-like sediment in the following way: The cake is 
first extracted with acetone (or ether). A yolk-yellow pigment is here- 
with extracted which is present either in the blood fluid or in the yolk- 
yellow cells described above. When this extraction is complete, an- 
other extraction is performed with acetone (or ether) containing acid 
(glacial acetic acid or some drops of strong HCl). Hereupon the brown 
pigment goes into solution and reveals the characteristic bands of acid 
hematin. When this solution is reduced, either by shaking with solid 
sodium hydrosulfite, or with platinum asbestos and hydrogen, and 
pyridine is added, the characteristic spectrum of pyridine-hemochromo- 
gen arises with its very distinct two bands even in highest dilution. 
The brown pigment has herewith identified itself with hematin. The 
pyridine-hemochromogen prepared from the hemoglobin, by treatment 
with acid aceton, reduction and addition of pyridine, is spectroscopi- 
cally identical with the one prepared in the same way from the hematin 
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granula. Both from the hemoglobin and from the brown granular 
pigment Teichmann’s crystals could be obtained. 

It may be alluring to venture an interpretation of the physiological 
significance of the changes occurring in the blood of this animal. We 
prefer, however, to refrain from such an interpretation until. experi- 
ments of a more physiological nature are available. 





ON THE RESPIRATORY FUNCTION OF THE BLOOD OF 
THE SEA LION 


MARCEL FLORKIN: AND ALFRED C. REDFIELD 


Hopxins Marine Station, Paciric Grove, CALIFORNIA 


The capture of a Steller’s sea lion, Eumetopias stelleri, at the Hop- 
kins Marine Station has afforded an opportunity to obtain certain data 
on the conditions of equilibrium between the blood of an aquatic mam- 
mal and the respiratory gases, which have not been available before. 
The animal, which proved to be an old female, was blind, and having 
been wounded with a rifle shot while it sat on the rocks in front of the 
station, was secured with a gaff as it attempted to escape and brought to 
shore. There it was killed by severing the great vessels in the neck 
and a sample of 200 cc. of blood was collected as it flowed from the 
wound. The animal was somewhat emaciated, but was not in a starving 
condition as evidenced by a quantity of fish in its stomach and the 
abundance of fat in the lacteals. The bullet wounds were found to be 
limited to bony and muscular structures and had not caused extensive 
bleeding. We are indebted to Dr. G. E. MacGinitie for placing the 
blood at our disposal. 

The blood was prevented from clotting by the addition of potassium 
oxalate; and was kept on ice during the subsequent sixteen hours in 
which measurements were made. Samples were equilibrated with vari- 
ous gas mixtures in a water bath at 38° C. for 20 minutes and then 
analyzed for oxygen or carbon dioxide with the Van Slyke “ constant 
volume” apparatus. The gas mixtures were subsequently analyzed 
with the Haldane gas analysis apparatus. The resulting data are re- 
corded in Tables I and II. In order to correct the observed oxygen 
contents for the dissolved oxygen, an absorption coefficient of a == 0.022 
was assumed. The volume of erythrocytes in the blood was determined 
with the centrifuge and proved to be 29 per cent of the total volume 
of the blood. 

Since all the observations recorded above were made in a short 
period of time upon a single sample of blood, there was no opportunity 


1 Fellow of the C. R. B. Educational Foundation. 
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to check the results, which must in consequence be regarded as pro- 
visional. 
TABLE I 


Data on the equilibrium of sea lion's blood with oxygen. Temperature 38° C. 


Carbon 
dioxide 
pressure 


Oxygen Oxygen Oxygen Oxygen as , 
pressure content dissolved = Saturation 


mm. Hg on cent ber cent 
42.20 5.23 5.15 
42.80 A 6.75 6.66 
47.00 10.95 10.83 
26.20 2.12 2.08 
21.20 10.70 10.60 
24.20 12.75 12.67 
24.30 11.56 11.46 

106.50 11.67 11.49 

air 20.40 £ 19.95 
air i 20.21 19.76 





TABLE II 


Data on the equilibrium of sea lion's blood with carbon dioxide. Temperature 38° C. 





Oxygen Carbon dioxide Carbon dioxide 
pressure pressure content 


mm. Hg vol. per cent vol, per cent 
Oxygenated 150 ca. 45.60 39.15 

150 ca. 14.45 22.45 

150 ca. 46.40 38.01 


Reduced 8.20 54.90 46.00 
4.20 45.20 43.20 


DIscussION OF RESULTS 


In the blood of an aquatic mammal it is reasonable to look for con- 
ditions which favor the circulation of oxygen to the muscles in order 
to maintain the great energy expenditure required for rapid progression 
through a viscous medium. One may also anticipate an increased 
oxygen capacity to enable the animal to remain longer under water. 
In the present instance the oxygen content of the blood when equi- 
librated with air was 19.8 volumes per 100 volumes of blood. This 
was not a greater oxygen capacity than commonly occurs in man and 
other mammals. The volume occupied by the erythrocytes was only 
29 per cent of the total blood, a figure much less than that commonly 
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found in active terrestrial mammals. Each cubic centimeter of cor- 
puscles combined with 0.68 cc. oxygen. Drastich (1928) has found 
that in a large-number of domestic mammals the concentration of hemo- 
globin in the erythrocytes is approximately the same, being about 32 
grams hemoglobin per 100 cc. blood corpuscles. Taking one gram of 
hemoglobin to combine with 1.34 cc. oxygen, each volume of corpuscles 
combines with 0.43 cc. oxygen. It appears then that the sea lion 
corpuscles combine with about one and one-half times as much oxygen 
as do those of the domestic mammals, i.e., the hemoglobin is just that 
much more concentrated within them. We suspect that the blood under 
examination may represent a somewhat anaemic condition and that the 
blood of a younger and more vigorous sea lion would exhibit a higher 
cell volume and oxygen capacity. Whether or not that is the case, there 
can be little doubt that the unusual concentration of hemoglobin in the 
100 
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Fic. 1. Oxygen dissociation curves of blood of sea lion at 38° C. The ap- 
proximate pressures of CO:, in mm. Hg, at which the blood was equilibrated are 
indicated by the numbers above the curves. Ordinate, percentage of saturation 
with oxygen; abscissa, oxygen pressure in mm. Hg. 


corpuscles of this specimen represents an advantageous condition in 
that it minimizes the work which must be done by the heart in circulating 
oxygen through the muscles. 

Sudzuki (1924) reports in the case of porpoise blood (Tiimmler- 





RESPIRATORY FUNCTION OF SEA LION BLOOD 425 


blut) oxygen capacities of 42.5 and 45.1 volumes per cent. The 
erythrocyte count in the animals studied varied between 8.4 and 11.2 
million per cubic millimeter. Since the erythrocytes of the Cetacea are 
slightly larger than those of man (Marimoto, Takata, and Sudzuki, 
1921), it would appear that in the porpoise the increased oxygen-carry- 
ing power is accomplished by increasing the number of blood corpuscles 
rather than by augmenting the concentration of hemoglobin within the 
corpuscles. 


Oxygen pressure at half saturation 


Fic. 2. Oxygen pressures at which the blood of the dog, upper curve, and of 
the sea lion, lower curve, are half saturated with oxygen in the presence of 
varying quantities of CO. Ordinate, pressures of CO: in mm. Hg plotted on a 
logarithmic scale; abscissa, oxygen pressure in mm. Hg at half saturation. 


Tue Oxycen DissociaTION CURVE 


In Fig. 1 curves are presented which indicate the general nature of 
the equilibrium of sea lion blood with oxygen at various carbon dioxide 
pressures. The general form and distribution of the curves resembles 
that of the blood of other mammals. In order to compare equilibrium 
conditions in the case of the sea lion with those characterizing the blood 
of the dog, the pressures of oxygen at which the hemoglobin is half 
saturated have been plotted in Fig. 2 against the corresponding carbon 
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dioxide pressures. Similarly, a curve has been drawn representing this 
relation in the case of the dog’s blood from data kindly supplied by 
Dr. D. B. Dill. It appears that oxygen is held at somewhat higher 
tensions in the blood of the sea lion than in that of the dog. The dif- 
ference between the two species is not greater than that exhibited by 
various specimens of human blood, however. The advantage of this 
difference, in so far as it exists, in facilitating the rapid diffusion of 
oxygen into the active muscle fibers, is obvious. The slope of the 
curves also indicates that a given change in CO, tension will cause a 
greater change in oxygen tension in the case of the sea lion—again a 
condition favoring the respiratory exchange. 


Tue Carson Dioxipe EQuILisrium 


The data in Table II serve to demonstrate the essential facts regard- 
ing the equilibrium of carbon dioxide with the blood. If the data are 
plotted, it will be found that the usual type of CO, dissociation curve 
can be drawn through the points. The carbon dioxide combined at any 
pressure is somewhat less than in the case of dogs studied in Dr. Dill’s 
laboratory. This condition may very probably be due to the presence 
of lactic acid in the blood resulting from the struggles of the sea lion 
in the course of its capture. 


The difference in CO, content of oxygenated and reduced blood is 
similar to that of the blood of other mammals. 


SUMMARY 


The blood of a sea lion, Eumetopias stelleri, was found to have an 
oxygen capacity of 19.8 volumes per cent. 

The erythrocytes composed 29 per cent of its volume. 

One volume of erythrocytes combined with 0.68 cc. oxygen, indi- 
cating a hemoglobin concentration 50 per cent greater than that found 
in domestic mammals. 

The oxygen dissociation curves constructed at various pressures 
conform to the usual mammalian type, but indicate that oxygen may be 
held at slightly higher pressures than in the case of dog blood. 

The carbon dioxide equilibrium is in no way remarkable and exhibits 
the usual difference between oxygenated and reduced blood. 
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THE RESPIRATORY FUNCTION OF THE BLOOD 
OF MARINE FISHES 


R. W. ROOT 
(From the Zoélogical Laboratory of Duke University, Durham, N. C.) 


INTRODUCTION 


The material embodied in this paper is a report of a study of marine 
fish blood from the standpoint of respiratory function. Since we are 
now fairly cognizant of the rdle of blood in mammals, it seemed to the 
author that the scope of investigation should be widened by a study of 
species other than mammals. In choosing marine fishes as experi- 
mental material the writer had not only this point in mind, but, in 
addition, the thought that fishes might present some new and interest- 
ing aspect in blood physiology because of the fact that their method of 
blood aération is quite different from that of mammals. The blood of 
mammals is apparently adjusted to the environment offered by the 
alveoli of the lungs where high carbon dioxide tensions prevail and 
oxygen tensions lower than in air exist. On the other hand, the gill of a 
fish is bathed in a medium where higher oxygen tensions and much 
lower carbon dioxide tensions prevail than is the case in the lung of a 
mammal. In addition to these interesting differences, fish bloods 
possess nucleated, instead of non-nucleated, red corpuscles, variable 
quantities of hemoglobin (Hall and Gray, 1929), and function in vary- 
ing, rather than constant, temperatures. 

There is little work on the respiratory function of fish blood to be 
found in the literature. Trendelenburg (1912), Gaarder (1918), 
Krogh and Leitch (1919), Nicloux (1923), and Wastl (1928) have in- 
vestigated the blood of fishes. Krogh and Leitch found a distinct 
difference between oxygen dissociation curves for the bloods of the 
fresh-water fishes, carp, pike, and eel, and the marine cod and plaice. 
According to them, the hemoglobin of both types of fishes is very sensi- 
tive to carbon dioxide, and the characteristics of their blood, as far as 
the transportation of oxygen is concerned, are adjusted to the environ- 
ment in which the fishes are living. Wastl has published oxygen dis- 
sociation curves, carbon dioxide absorption curves, and figures for 
arterial gas content and hydrogen ion concentration of carp blood. 
Distinct differences were found between the blood of the carp and that 
of mammals. Jolyet and Regnard (1877), and Kawamoto (1929) have 


studied the blood of the eel. Kawamoto determined the relationship 
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between the oxygen dissociation of the hemoglobin and temperature. 
Collip (1920), Powers (1922), Jobes and Jewell (1927), and Kokubo 
(1927, 1930) have-investigated the alkaline reserve of several fishes. 
Hall and collaborators (1926, 1928, 1929) have published data for the 
hemoglobin concentration of the blood of a number of marine species. 

The investigation to be reported in this paper has been restricted for 
the most part to determinations of the oxygen capacities, oxygen disso- 
ciation curves, carbon dioxide absorption curves, the effect of carbon 
dioxide on the oxygen capacity, and the buffering capacities of the 
bloods. The general results have been compared with similar results 
obtained by other investigators on other vertebrates. The experi- 
mental work was carried on at Woods Hole, Massachusetts, in the 
laboratory of the United States Bureau of Fisheries. 


METHODS 


Experimental Animals.—The fishes that were employed in the study 
are species common to the region of Woods Hole, Massachusetts. 
Three species furnished most of the results, namely, the toadfish, 
Opsanus tau (Linnaeus), the sea robin, Prionotus carolinus (Linnaeus), 
and the common mackerel, Scomber scombrus (Linnaeus). Some work 
was also done on the goosefish, Lophius piscatorius (Linnaeus), the 
scup, Stenotomus chrysops (Linnaeus), and the puffer, Spheroides 
maculatus (Bloch and Schneider). The fishes were maintained at the 
laboratory under conditions as nearly normal as possible by keeping 
them in “‘live-cars’’ or in hatching-boxes where plenty of running sea- 
water was supplied at all times. The importance of keeping them in 
good condition has been aptly pointed out by Hall, Gray, and Lep- 
kovsky (1926). 

The choice of the three fishes, the toadfish, sea robin, and mackerel 
requires some explanation. Hall and Gray (1929), and Gray and Hall 
(1930) have made a study of the blood sugar, hemoglobin, and iron of 
these fishes and found a fairly precise correlation between these factors 
and the activity of the fishes. The mackerel, for example, is an active 
fish and is characterized by a high concentration of sugar, iron, and 
hemoglobin in its blood, while the toadfish is a sluggish fish and is 
characterized by a low concentration of blood sugar, hemoglobin, and 
iron. The sea robin is more or less intermediate in this respect. On 
the basis of this information it seemed worthwhile to broaden the 
study enough to include several ‘‘type”’ fishes, instead of restricting ob- 
servations to only one type. Another factor of a more practical turn 
was influential in the choice of these fishes. The blood of fishes does 
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not lend itself easily to gas analysis. This has been recognized by 
others, and is probably one reason why more work has not been done. 
On account of the small size of many fishes, blood is not easily obtained 
for study. Some fishes have very fragile red corpuscles which makes it 
almost impossible to subject their blood to the drastic treatment 
necessary in determining dissociation curves. Also fish blood reacts 
peculiarly toward the reagent, potassium ferricyanide, used to liberate 
oxygen. As soon as the reagent comes in contact with the blood a 
coagulum is formed. Under these conditions it is quite impossible to 
liberate all the oxygen from the blood without subjecting it to vigorous, 
prolonged shaking. The blood from the fishes employed reacts no 
differently from other fish bloods toward ferricyanide, but is quite suit- 
able in other respects. This is especially true of toadfish and sea robin 
bloods. Mackerel blood is quite viscous and makes pipetting rather 
annoying. It is also the hardest of the three to handle in the Van 
Slyke extraction chamber, for its coagulum adheres to the walls and is 
not easily cleaned out. 

Obtaining of Blood Samples.—In obtaining blood for analysis an 
attempt was made to standardize conditions as much as possible. 
When it was not desired to know the gas content actually existing in the 
blood at the time of drawing, the procedure was to remove a fish quickly 
from the water and bleed it from the gills by means of a hypodermic 
needle attached to a 5 or 10 cc. syringe. Lithium oxalate was used as 
an anticoagulant. The time of bleeding was made as short as possible 
in order to avoid getting blood that might have excess acid in it on ac- 
count of asphyxial conditions. Hall (1928) has shown that asphyxia in 
fishes lowers the oxygen capacity of their blood considerably. 

Since most of the fishes used were small, it was found necessary to 
combine the blood of several specimens of a species. This practice led 
to no ill effects. In fact, the analytical results on different blood speci- 
mens checked more closely than otherwise on account of the averaging 
effect of such a procedure. 

The blood was used as soon as it was drawn. In preliminary work 
addition of both sodium fluoride and potassium cyanide to the blood to 
prevent respiration of the cells and loss in carbon dioxide-combining 
power was tried. The results were unsatisfactory. The slight loss in 
carbon dioxide-combining power over a period of time did not appear 
to be checked. Rather than add more extraneous chemical factors, it 
was finally decided to modify the procedure in such a way as to avoid 
any appreciable error due to the activity of the cells. This necessitated 
using a given sample of blood a shorter length of time and checking a 
curve that had once been established by means of freshly drawn blood. 
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It also made it necessary that a blood sample be analyzed for its gas 
content as soon as it had come into equilibrium with a given gas tension, 
and that the gas phase be separated from the blood remaining in the 
tonometer during the time consumed in the analysis. It should be 
mentioned at this time that Dr. F. G. Hall (unpublished) has deter- 
mined the oxygen consumption of these bloods and shown, under the 
conditions of the author’s technique, that the error arising from oxygen 
consumption of the cells would be negligible over the short period of 
time that elapses in getting a blood sample into the Van Slyke appara- 
tus from the tonometer. 

When it was desired to know the actual content of gases existing in 
the blood at the time of drawing, the method was modified to suit the 
purpose. In attempts to determine arterial or venous gas contents, 
fishes were placed in suitable traps and a stream of fresh sea-water 
directed over their gills. The blood was then drawn under oil and the 
gases immediately analyzed. It is most difficult to get a satisfactory 
technique for determining arterial and venous gases in fishes. The 
results obtained are only approximate at best. 

Determination of Erythrocyte Count and Volume.—The number of red 
corpuscles per cubic millimeter of blood was determined by employing 
the usual procedure. The volume of red corpuscles was determined by 
an haematocrit especially designed by Dr. F. G. Hall for use with fish 
blood. 

Equilibration of Blood with Gases and Determination of Gases.—The 
gases used in these experiments were carbon dioxide, oxygen, and ni- 
trogen. The required mixtures were made in a mixing chamber at- 
tached to an ordinary gas burette (if gas mixtures different from air 
were desired). The method of handling the blood and gases was essen- 
tially the same as that prescribed by Austin et al. (1922), except for the 
admittance of gases to tonometers. Instead of using the method they 
prescribe, the tonometers were filled with clean, neutral mercury, and 
the gas mixtures drawn into them from the mixing chamber by with- 
drawing the mercury. The equilibration of blood samples was carried 
out according to their “first saturation method,” using the double 
tonometer. Equilibration for all samples was allowed to take place at 
20° C. and at atmospheric pressure. Atmospheric pressure was main- 
tained by occasionally opening the stop-cock on the tonometer. Since 
the gases in the tonometer were always analyzed after equilibration, the 
entrance of a small amount of gas from the atmosphere did no harm. 
The tonometers were mechanically rotated in a thermostatically con- 
trolled water bath for a period of about 30 minutes. It was found in 
preliminary experiments that this was sufficient time to allow the blood 
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and gas phase to come into equilibrium with each other. Usually one 
tonometer was rotated at a time. However, in some of the work in- 
volving carbon dioxide absorption, two tonometers were used simul- 
taneously, one containing reduced and the other oxygenated blood. 

At the end of equilibration a sample of blood was removed from the 
tonometer and the gases in it immediately analyzed according to the 
technique of Van Slyke and Neill (1924). Both oxygen and carbon 
dioxide were simultaneously liberated from the blood by using acid 
ferricyanide. One cubic milliliter of blood was used for each analysis, 
and was admitted to the extraction chamber by means of a Van Slyke 
differential pipette. The blood was agitated in the extraction chamber 
a little longer than is usual for mammalian blood. This was found 
necessary in order to insure the complete liberation of gases. Both the 
carbon dioxide and oxygen were absorbed after liberation, sodium 
hydroxide being used for carbon dioxide, and sodium hydrosulfide for 
oxygen. 

TABLE I 


Oxygen capacity determinations. Blood equilibrated with air at 20° C. 


Red 
Species Oxygen capacity Blood Hematocrit Iron 
Cor .uscles 


vol. per cent cu. mm. vol. per cent mg. 100 cc. 
Goosefish 5.07 867,083 15.45 13.40 
Toadfish 6.21 585,000 19.50 14.00 
Puffer 6.75 2,284,000 17.50 21.50 
Scup 7.30 2,685,000 32.60 24.60 
Sea robin 7.66 2,536,000 24.00 23.10 
Mackerel 15.77 3,000,000 37.10 37.10 


The amount of carbon dioxide and oxygen in blood was expressed as 
volumes per cent of dry gas at 760 mm., and 0° C., the tables prepared 
by Van Slyke and Neill (1924) being used for oxygen, and those pre- 
pared by Van Slyke and Sendroy (1927) for carbon dioxide. In deter- 
mining the oxygen combined with hemoglobin, the amount of oxygen 
physically dissolved was calculated on the basis of Bohr’s (1905) 
solubility coefficients. A special equation similar to that of Peters, 
Bulger, and Eisenman (1923) was employed in the calculation to allow 
for the variable corpuscular volume in the various bloods. 

The concentration of the gaseous phase in the tonometers was deter- 
mined after equilibration of blood samples by analysis in the Haldane 
apparatus as modified by Henderson (1918). The results were ex- 
pressed in terms of terision by employing the usual calculations. 

Method of Studyiny Lactic Acid Effect—Lactic acid was carefully 
added to small samples of blood in amounts necessary to give the de- 
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sired concentration. The blood was then equilibrated in air and 
handled the same as in the other experiments. 

Calculation of pH of Blood.—In calculating the pH of fish blood the 
familiar Henderson-Hasselbalch equation was used (Henderson, 1908; 
Hasselbalch, 1917). A pK’ factor of 6.24 was employed for the blood 
at 20° C. This was derived by using the average pK’ factor of 6.13 
that has been worked out for mammalian serum at 38° C. (using Bohr’s, 
1905, solubility coefficient for CO.) by a series of workers (Warburg, 
1922; Cullen, Keeler, and Robinson, 1925; Van Slyke, Hastings, Mur- 
ray, and Sendroy, 1925; and Hastings, Sendroy and Van Slyke, 1928), 
and adding a temperature correction of 0.005 for each degree below 
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Fic. 1. Oxygen dissociation curves for toadfish blood at 20° C. Curve 1 at 
1 mm. carbon dioxide; curve 2 at 10 mm. carbon dioxide; and curve 3 at 25 mm, 
carbon dioxide tension. 


38° C. (Hasselbalch, 1917; and Warburg, 1922). In addition a correc- 
tion of 0.02 was added because whole blood was used instead of serum. 
The pK’ factor for whole blood is slightly higher than that for serum 
(Warburg, 1922; Peters, Bulger, and Eisenman, 1923; and Van Slyke 
et al., 1925). 

In using the pK’ factor in the following calculations of pH, it is 
recognized that there are many variables which enter into its composi- 
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tion for any one blood, especially when it is applied to whole blood. 
Warburg (1922), Hastings and Sendroy (1925), Stadie and Hawes 
(1928), and Stadie (1928) have shown that the pK’ factor is affected by 
the ionic strength of the solution in which it is measured. Further- 
more, the researches of Warburg (1922), Van Slyke, Wu and McLean 
(1923), and Peters, Bulger, and Eisenman (1923) have demonstrated 
the effect of degree of oxygenation of blood, its pI, and its relative 
volume of corpuscles and plasma upon the pK’ factor. 


Fic. 2. Oxygen dissociation curves for sea robin blood at 20° C. Curve 1 at 
1 mm. carbon dioxide; and curve 2 at 25 mm. carbon dioxide tension. 

However, there is little information at the present time that will 
permit the calculation of the pH of fish blood with the degree of refine- 
ment that now seems possible for mammalian blood. Therefore the 
author does not claim absolute accuracy for the calculated pH of fish 
blood, but only relative, and admits that with the advent of more in- 
formation his figures will probably require correction. 


RESULTS 
A. The Transportation of Oxygen 
Oxygen Capacity of Blood.—The results of this study are summar- 
ized in Table I. The figures for oxygen capacity are those obtained 
when the blood was equilibrated in air, and dissolved oxygen sub- 


tracted. Thus they represent the actual amount of oxygen combined 
29 
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with hemoglobin under the conditions of the experiment. An attempt 
has been made to correlate oxygen capacities of the various bloods with 
their corpuscle count, corpuscle volume, and iron content. The author 
is indebted to Dr. F. G. Hall and Mr. S. R. Tipton for some of the data 
contained in the last three columns of Table I. It should be mentioned 


TABLE II 
Gases in Blood, as Drawn under Oil” 


Species COs: Ox Pcoz| Poz | HbO: Conditions of Drawing 


vol. vol. mm.|mm.| per 
per centiper cent) Hg. .| cent 


Arterial | 8.15] 8.33 |} —|—]|] — Water over gills 
Blood from gills 


9.16} 5.00 : Water over gills 
Blood from caudal artery 


8.90 | 5.24 Water over gills 
Blood from gills 


11.40 | 3.13 Water over gills 
Blood from gills 


Sea robin 6.15 | 2.5 . Water over gills 
Blood from gills 


Toadfish Venous 7. Water over gills 
Blood from heart 


Goosefish : 4 Water over gills 
Blood from bulbus 


Puffer s §:3 Water over gills 
Blood from sinus venosus 





Sea robin | Asphyxial| 9. ; j Fish in air 
Blood from gills 
Fish in air 
Blood from gills 























that the figures for corpuscle count, corpuscle volume, and iron content 
were not always obtained from the same samples of blood on which 
oxygen capacity determinations were made. The data represent the 
average of a considerable number of determinations. There appears 
to be a general correlation between the oxygen capacity of fish blood 
and the previously mentioned factors. The best agreement exists be- 
tween iron and oxygen. Since the corpuscle count and volume are 
variable among themselves, on account of differences in size of cor- 
puscles, these factors do not show as good a correlation as iron. 
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The most interesting feature of this phase of the work is that it 
points out great differences in the oxygen capacities of the various 
bloods. The sluggish goosefish and toadfish possess bloods of low 
oxygen capacity, whereas the active mackerel has a blood of high 
oxygen capacity. 


TABLE III 
Oxygen dissociation of blood. Equilibrated at 20° C. 


Os-Ca- | O2-Con- | O2-Dis- | O2: Com- 


- + > 
Species Pcos Pos pacity tent solved | bined 


mm. Hg | mm. Hg vol. vol. vol. vol. per cent 
per cent per cent | per cent| per cent 


Toadfish 0.762| 3.75 6.84 1.56 | 0.015 1.54 | 22.5 
0.454| 7.80} 5.13 1.75 | 0.030 1.72 | 33.5 | 7.99 
1.150} 10.30] 6.31 2.66 | 0.040 | 2.62 | 41.6 | 7.68 
0.615 | 24.60 5.13 3.78 | 0.096 | 3.68 | 71.8 | 7.60 
0.765 | 39.20] 5.13 4.70 | 0.152 | 4.55 | 88.3 | 7.78 
0.690} 56.20) 5.13 5.28 | 0.219 | 5.06 | 98.6 | 7.70 
0.690} 80.00} 5.13 5.51 | 0.312 5.20 |101.4 | 7.66 
8.62 8.85 6.31 1.65 | 0.035 1.62: | 25:6) | 7.33 
10.85 13.35 6.68 2.37 | 0.052 2.32 | 34.6 | 7.21 
11.15 | 35.70} 6.68 3.64 | 0.138 | 3.50 | 52.3 | 7.18 
11.25 | 48.20} 6.68 4.00 | 0.188 | 3.81 | 57.0 | 7.16 
10.42 | 80.00} 6.68 4.75 |0.312 | 4.44 | 66.4 | 7.17 
10.28 | 103.00} 6.68 5.25 |0.400 | 4.85 | 72.6 | 7.16 
25.40 7.47 5.56 1.63 | 0.029 1.60 | 28.8 | 6.98 
25.10 9.63 6.31 1.43 | 0.037 1.37 | 22.0 | 7.00 
27.40 | 10.00} 6.84 1.93 | 0.039 1.89 | 27.5 | 6.94 
25.80 | 53.00} 5.56 2.62 | 0.207 2.41 | 43.5 | 6.97 
25.05 | 100.00 5.56 3.38 | 0.390 | 2.99 | 53.8 | 6.98 
Sea robin 0.304} 6.69 7.02 2.15 | 0.026 | 2.12 | 30.2 | 8.22 
0.485 | 19.40 7.80 4.09 |0.075 | 4.02 | 52.1 | 8.16 
0.227| 27.00} 8.20 6.72 |0.100 | 6.62 | 80.7 | 8.03 
0.727 | 39.70 . 5.47 |0.155 | 5.32 | 78.0 | 7.86 
1.050 | 47.20 : 6.70 | 0.184 | 6.52 | 82.5 | 7.67 
0.455 | 54.50 5 7.55 |0.212 | 7.34 | 89.5 | 7.67 
1.510| 59.70 ; 6.40 | 0.233 | 6.17 | 85.1 | 7.68 
1.160} 79.00 ; 7.22 |0.308 | 6.91 | 95.3 | 7.43 
1.132 | 99.00 8.19 |0.386 | 7.80 | 98.6 | 7.13 
0.761 | 104.50 6.94 | 0.408 | 6.53 | 93.0 | 7.83 
0.225 | 109.00 7.50 |0.425 | 7.08 | 98.3 | 8.09 
24.70 9.35 0.42 | 0.036 | 0.38 6.3 | 7.05 
28.10 | 10.75 0.32 | 0.042 | 0.28 4.0 | 6.98 
25.00 13.50 0.50 | 0.053 | 0.45 6.5 | 7.03 
26.10 17.00 0.85 | 0.066 | 0.78 | 11.0 | 7.00 
24.40 17.80 0.89 | 0.069 | 0.82 | 11.6 | 7.04 
21.80 18.20 0.83 | 0.071 0.76 | 10.8 | 7.13 
25.10 | 42.00 1.61 | 0.164 1.45 | 20.2 | 7.06 
25.60 | 60.50 1.94 | 0.236 1.70 | 23.8 | 7.04 
26.00 | 84.50 2.12 | 0.330 | 1.79 | 25.6 | 7.05 
25.90 | 92.50 2.50 | 0.360 | 2.14 | 30.0 | 7.00 
23.60 | 106.50 2.36 | 0.415 1.95 | 28.0 | 7.12 
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TABLE I1I—Continued 


i 
Ox-Ca- | O2-Con- | O2-Dis- | O: Com- HbO: 


a , 
=paune Pecos Pos pacity tent solved | bined 


pH 


vol. vol. vol. vol. per cent 
per cent per cent | per cent | per ceul 


Mackerel 1.130} 4.74] 16.41 1.76 | 0.018 1.74 | 11.0 | 8.19 
1.250} 8.30] 15.76 3.46 | 0.032 3.43 y 8.00 
0.640} 17.70] 14.72 8.11 | 0.067 8.04 3. 8.17 
0.977 | 31.95] 16.29 | 12.45 | 0.122 | 12.33 | 
0.754| 45.00} 16.64 | 13.60 | 0.172 | 13.43 
0.382 | 64.60} 17.81 | 16.35 | 0.247 | 16.10 
0.825} 75.60} 16.64 | 15.30 | 0.290 | 15.01 
0.768 | 98.70] 15.59 | 14.75 | 0.378 | 14.37 
0.758 |} 115.00; 16.64 | 16.10 | 0.440 | 15.66 
10.17 9.87| 14.54 1.01 | 0.038 0.97 
10.10 14.50} 14.54 2.15 | 0.055 2.10 
11.30 | 29.40] 14.54 4.13 | 0.113 4.02 
10.45 46.80} 14.54 7.15 | 0.179 6.97 
11.00 | 65.00) 14.54 7.70 | 0.249 7.45 
10.30 77.50} 14.54 9.82 | 0.297 9.52 
10.35 83.30} 14.54 | 10.30 | 0.319 9.98 
10.85 | 101.00} 14.54 | 11.00 | 0.387 | 10.61 
24.50 12.00} 17.81 0.92 | 0.046 0.87 
18.85 | 40.50} 16.62 6.35 | 0.155 6.20 
24.80 | 53.40] 16.62 7.25 | 0.204 7.05 
24.80 | 69.50} 16.62 8.65 | 0.267 8.38 
25.40 | 70.30} 16.62 9.50 | 0.269 9.23 

24.30 | 90.00) 16.62 | 11.08 | 0.345 | 10.74 | 
19.60 | 101.50} 17.81 9.58 | 0.389 9.19 
23.90 | 115.20] 16.62 | 12.70 | 0.442 | 12.26 


mm. Hg | mm. He 




















Oxygen Content of Blood.—Any attempt to determine the actual 
amount of gas existing in the arterial or venous blood of fishes as small 
as those used in this investigation is beset with difficulties. The few 
results obtained are recorded in Table II. Attempts to get arterial 
blood from these fishes were rewarded with little success. Analysis of 
blood removed from efferent gill arteries of the scup and sea robin 
showed much less oxygen than could reasonably be expected. It would 
appear that the syringe used in the operation hastened the circulation 
through ‘he gill to a point where the blood had not sufficient time to be- 
come aérated to the normal degree. A more reliable source of arterial 
blood is that from the caudal artery, but the fishes used are unsuited for 
getting blood from such a source. Until a more adequate technique is 
devised, any statement as to the actual oxygen content of arterial blood 
in these fishes will have to be postponed. Hall (1930) reported 85 per 
cent oxygen saturation in mackerel arterial blood. Wastl (1928) found 
93 per cent oxygen saturation in carp blood. 
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With regard to the oxygen content of venous blood, more satis- 
factory results were obtained. Practically no oxygen was found in the 
venous blood of the goosefish, toadfish, and puffer. 

The gas tensions recorded in Table II for sea robin and toadfish 
bloods were not determined experimentally but were interpolated from 
the oxygen dissociation curves for their bloods. 

Oxygen Dissociation of Hemoglobin.—Table III, and Figs. 1, 2, and 3 
summarize the results of this study. At a carbon dioxide tension of 


Fic. 3. Oxygen dissociation curves for mackerel blood at 20° C. Curve 1 at 
1 mm. carbon dioxide; curve 2 at 10 mm. carbon dioxide; and curve 3 at 25 mm. car- 
bon dioxide tension. 


approximately one millimeter toadfish hemoglobin is characterized by a 
steeper dissociation curve than either sea robin or mackerel. The 
hemoglobins of the latter appear to act quite the same toward oxygen, 
at this carbon dioxide tension, except for the fact that sea robin hemo- 
globin tends to become saturated a little more quickly than mackerel 
at the higher oxygen tensions. At 10 mm. carbon dioxide tension the 
dissociation curves for mackerel and toadfish hemoglobins are flattened 
most remarkably. A still more pronounced flattening is produced at 
25 mm. carbon dioxide tension. Of the three hemoglobins the sea 
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robin’s is most affected at the latter carbon dioxide tension. The ap- 
pearance of the curves at 10 and 25 mm. of carbon dioxide is very 
interesting. There is a tendency for them to become nearly asymptotic 
with respect to the abscissa before saturation is complete. This is most 
noticeable in the curves for toadfish and sea robin hemoglobins. At 
10 mm. carbon dioxide tension, in the case of toadfish hemoglobin, the 


Fic. 4. Effect of carbon dioxide on the oxygen capacity at 20°C. Curve 1 is 
for sea robin blood; curve 2 for mackerel blood; and curve 3 for toadfish blood. 


curve appears to approach a limit at approximately 75 per cent oxygen 
saturation. At 25 mm. carbon dioxide this same tendency occurs in 
sea robin hemoglobin at 25 per cent saturation, while toadfish hemoglo- 
bin shows this at about 50 per cent saturation. The curves for mack- 
erel hemoglobin do not show any very marked tendency to become 
asymptotic. In the case of toadfish and sea robin bloods it would ap- 
pear as if carbon dioxide affected not only the oxygen dissociation con- 
stant of the hemoglobin, but, also, that the quantity of oxygen with 
which the hemoglobin can combine is reduced by the presence of carbon 
dioxide. Redfield and Mason (1928) have pointed out that such an 
effect is produced by acid in the case of purified Limulus hemocyanin. 

Effect of Carbon Dioxide on the Oxygen Capacity.—The peculiar 
effects of carbon dioxide on the oxygen dissociation curves suggested an 
investigation of its effect on the so-called oxygen capacity. For this 
work blood samples were equilibrated with 153 mm. of oxygen and 
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varying tensions of carbon dioxide. The results are presented in 
Table IV, and Figs. 4 and 5. As can be seen from the data, carbon 


TABLE IV 


Effect of carbon dioxide on oxygen capacity. Blood equilibrated at constant 
Po,(152 mm.) at 20° C. 


sana O2-Ca- O2-Con- | O2 Dis- | O2 Com-| 18s in 
Species ii 2 ; oxygen 
pacity tent solved | bined capacity 


vol. per cent vol. vol. vol. | per cent 
at O Pcor per cent | per cent | per cent 

Toadfish 6.87 7.22 | 0.60 6.62 3.64 
6.34 6.67 6.07 4.27 
6.34 6.50 5.90 6.94 
6.34 5.50 4.90 | 22.70 
6.40 5.03 443 | 30.80 
6.34 4.38 3.78 | 40.40 
6.34 3.85 3.25 | 48.80 
5.59 3.60 3.00 | 46.40 
6.63 3.98 3.38 | 49.20 
6.40 3.57 2.97 | 53.60 
6.40 3.50 2.90 | 54.70 
6.87 3.58 2.98 | 56.60 





Sea robin 





.67 7.92 | 0. 7.32 4.50 
.67 7.15 6.55 | 14.60 
71 4.95 4.35 | 43.60 
.67 5.06 4.46 | 41.80 
an 4.53 3.93 | 49.00 
.69 3.67 3.07 | 60.00 
AS 3.20 2.60 | 63.60 
67 3.26 2.66 | 65.40 
.29 3.04 2.44 | 70.60 
15 3.06 2.46 | 65.60 
10 3.34 2.74 | 68.60 
106.50 AS 2.82 2.22 | 69.00 
107.00 8.15 2.90 2.30 | 71.80 





ans sss ss 





~3I 00 


“1 0 








Mackerel 16.43 16.80 16.21 1.34 


ss 

.26 16.78 17.15 16.56 1.31 
12.00 15.64 14.75 14.16 | 9.90 
22.50 16.64 14.05 13.46 | 19.10 
26.10 14.51 11.05 10.46 | 27.90 
37.30 16.78 9.40 8.81 | 47.50 
40.80 16.43 9.81 9.22 | 43.80 | 7.16 
65.05 16.60 8.35 7.76 | 53.25 | 6.95 
80.00 16.78 6.90 6.31 | 62.60 | 6.88 
95.00 16.78 7.06 6.47 | 61.60 | 6.84 
108.50 16.43 6.96 6.37 | 61.20 | 6.82 














dioxide affects a very marked loss in oxygen-combining power of the 
hemoglobins. However, a maximum loss is reached beyond which 
further addition of carbon dioxide has little or no effect. Sea robin 





440 R. W. ROOT 


hemoglobin suffers the greatest loss in oxygen-combining power, the 
maximum being around 70 per cent, whereas the maximum for toadfish 
is about 55 per cent. Mackerel hemoglobin has a maximum loss be- 
tween those for the other two. The data procured seem to corroborate 
what was already anticipated in a study of the dissociation curves, 
namely that the ability of the hemoglobins to combine with oxygen is 
greatly reduced in the presence of carbon dioxide. 





650 40 700 725 750 275 800 
pr 
Fic. 5. Effect of pH on the oxygen capacity at 20°C. Curve 1 is for sea robin 
blood; curve 2 for mackerel blood; and curve 3 for toadfish blood. 


Plotting loss in oxygen capacity, or, as designated in Fig. 5, loss in 
oxyhemoglobin, as a function of pH, yields sigmoid curves for the three 
hemoglobins. Within a certain range of pH there is a marked loss in 
oxygen-combining power. Outside this range at either end, within the 
limits of pH established in these experiments, loss in oxygen-combining 
power is relatively slight. 

Effect of Lactic Acid on Oxygen Capacity.—It was thought advisable 
to modify the pH of the bloods by other means than the use of carbon 
dioxide and see if a similar effect on the oxygen capacity could be ob- 
tained. Therefore blood samples containing definite concentrations of 
lactic acid were equilibrated in 153 mm. of oxygen. In this case, of 
course, no carbon dioxide was added to the gaseous phase in the tonom- 
eters. Only the blood of the sea robin was used in these experiments. 
The results are shown in Fig. 6. A greater loss of oxyhemoglobin was 
observed at the higher concentrations of lactic acid than was found 
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when carbon dioxide was used, though the calculated pH was less. 
However, there may have been some other factor entering in to produce 
the results, such as the formation of methemoglobin, and, since this 
was not ascertained, no emphasis should be placed on the magnitude 
of the results. The main matter of interest is that, in general, the form 
of the curve is similar to that for the carbon dioxide effect. 
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Fic. 6. Effect of lactic acid on the oxygen capacity at 20° C. Curve for sea 
robin blood only. 


B. The Transportation of Carbon Dioxide 


Carbon Dioxide Content of Blood.—An attempt was made to deter- 
mine the amount of carbon dioxide normally present in the circulating 
blood. The results are recorded in Table II. The bloods of the fishes 
studied contain relatively little carbon dioxide. The tension even in 
the venous blood is probably not more than 10 to 15 millimeters. 

Carbon Dioxide Absorption of Blood.—The results of this study are 
presented in Figs. 7, 8,and 9. Of the three bloods examined the toad- 
fish was found to take up the least, and the mackerel to take up the 
most carbon dioxide. All three curves tend to flatten out above 10 
mm. carbon dioxide tension, the flattening being most pronounced in 
the case of toadfish blood, and least in mackerel. The curve for 
mackerel blood is quite out of the class of the curves for the other two 
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fishes. Apparently mackerel blood has a higher available base than 
toadfish and sea robin bloods. 

Christiansen, Douglas, and Haldane (1914) were the first to dis- 
cover that reduced blood will take up more carbon dioxide than oxy- 
genated blood. This phenomenon has been explained since their 
work was published by the assumption that oxyhemoglobin is a 
stronger acid than hemoglobin, and, thus, base is liberated and made 
available for carbon dioxide when oxyhemoglobin is reduced. The 
elucidation of the fact is due mainly to the work of Van, Slyke and his 
collaborators at the Rockefeller Institute. 
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Fic. 7. Carbon dioxide-absorption curves for toadfish blood at 20° C. The 
dots are for reduced, and the circles for oxygenated blood. 


Since it has been demonstrated beyond doubt that reduced blood 
will take up more carbon dioxide than oxygenated, as far as mammals 
are concerned, it was thought advisable to determine whether a similar 
phenomenon could be shown for fish blood. Wastl (1928) has shown 
such to be the case as far as carp blood is concerned. The results ob- 
tained on the bloods of the toadfish, sea robin, and mackerel are shown 
in the carbon dioxide-absorption curves drawn in Figs. 7, 8, and 9. 
Toadfish and sea robin bloods show little difference in the ability of 
reduced and oxygenated to absorb carbon dioxide. Within what ap- 
pears to be the physiological range of carbon dioxide tension (from 
analyses of the carbon dioxide content of venous blood), however, re- 
duced blood takes up slightly more carbon dioxide than oxygenated. 
With respect to mackerel blood the range where this can be demon- 
strated is considerably greater, and the curves begin to take on the ap- 
pearance of mammalian carbon dioxide-absorption curves. There are 
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probably at least two reasons why it is difficult to demonstrate greater 
carbon dioxide absorption by reduced than by oxygenated blood in the 
case of the first two fishes: (1) the small amount of hemoglobin present 
to furnish base in changing from the oxygenated to the reduced state, 
and (2), the effect of carbon dioxide in reducing the oxygen capacity. 
One can hardly say he is dealing with oxygenated blood at high carbon 
dioxide tensions, for under these conditions the oxygenation of the 
blood is greatly reduced. 


Fic. 8. Carbon dioxide-absorption curves for sea robin blood at 20° C. The 
dots are for reduced, and the circles for oxygenated blood. 


Buffering Ability of Blood.—The BHCO; concentrations of the 
bloods have been calculated and the results plotted as a function of pH. 
Such a procedure will point out their relative buffering ability. The 
curves obtained are shown in Figs. 10, 11, and 12. In general, within 
the normal range of pH, reduced blood has a higher concentration of 
BHCO; at a given pH than oxygenated. This means that by reduction 
oxyhemoglobin imparts to the blood a certain protection against change 
in pH, for a certain added amount of carbon dioxide may be taken up 
at the same hydrogen ion concentration. Outside the normal pH 
range the curves for oxygenated and reduced blood tend to converge so 
that there is practically no difference in the ability of the two states of 
blood to bind carbon dioxide. 

A comparison of the three bloods shows at once that mackerel blood 
is much better buffered than either toadtsh or sea robin. Toadfish 
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blood is buffered the least of all. However, there is little difference 
between it and sea robin blood. 


DISCUSSION 


In the work on the effect of carbon dioxide on the oxygen capacity 
and on the oxygen dissociation curves a suggestive series of results 
were obtained. In mammalian hemoglobin the usual effect of carbon 
dioxide is purely on the oxygen dissociation constant, a simple Bohr 
effect with no upset in the original oxygen capacity of the particular 
hemoglobin studied. The hemoglobins of these fishes, however, seem 
to be affected by carbon dioxide in a manner more complicated. The 
data suggest that some of the oxygen-binding groups of the hemoglobin 
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Fic. 9. Carbon dioxide-absorption curves for mackerel blood at 20° C. The 
dots are for reduced, and the circles for oxygenated blood. 


molecule have become inactive. If the hemoglobin molecule combines 
with four molecules of oxygen, as has been suggested by Adair (1925), it 
would appear as if carbon dioxide were inactivating one or more of the 
four prosthetic groups involved in binding oxygen. In other words, it 
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would look as though the hemoglobin-oxygen reaction were stopping 
off at one or more of the intermediate compound stages, depending 
upon how much carbon dioxide is present, instead of the reaction being 
carried completely through the four theoretical steps presented by 
Adair. 

To illustrate this point attention is recalled to the results on the 
direct effect of carbon dioxide on oxygen capacity. In the case of 
toadfish blood there is produced a maximum loss of about 55 per cent 
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Fic. 10. BHCO;: pH curves for toadfish blood at 20° C. The dots are for 
reduced, and the circles for oxygenated blood. 

Fic. 11. BHCO;: pH curves for sea robin blood at 20° C. The dots are for 
reduced, and the circles for oxygenated blood. 


in oxygen capacity in the presence of carbon dioxide, and in sea robin 
blood about 70 per cent. Mackerel blood under the same conditions 
experiences a loss of slightly over 60 per cent. Interpreting this situa- 
tion on the basis of inactivation of oxygen-binding groups, toadfish 
hemoglobin has two of the four groups inactivated. Thus, allowing for 
experimental errors, the oxygen capacity drops to a point approxim- 
ately 50 per cent lower than the origina! figure for oxygen capacity ob- 
tained when the blood was equilibrated in air. Sea robin hemoglobin, 
and perhaps mackerel, h..s three of the four groups inactivated. Thus 
the new figure for oxygen . apacity obtained in the presence of consider- 
able carbon dioxide is approximately 75 per cent lower than the 
original. As has been pointed out previously, these marked drops in 
oxygen capacity occur at definite ranges of pH. 

It will be recalled that reference was made to the peculiar tendency 
of the oxygen dissociation curves (most marked in the case of those for 
the toadfish and sea robin) to appear to reach a limit considerably be- 
fore the 100 per cent oxygen-saturation point was reached. It seems 
reasonable to suppose that the phenomenon of inactivation of oxygen- 
binding groups affords an interpretation of this situation. 

There is no doubt but that there is danger in carrying the foregoing 
interpretation too far. The author wishes to emphasize the fact that 
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the idea of inactivity brought forth in this paper is purely suggestive. 
Data are far too few to warrant any definite conclusion. If the data 
really mean that certain prosthetic groups are inactivated, then the 
oxygen-dissociation curves should present asymptotic relationships 
from the point of minimum oxygen tension at which the remaining 
active groups are saturated with oxygen up through oxygen tensions 
far above those used in these experiments. At the same time the same 
marked loss in oxygen capacity in the presence of carbon dioxide should 
be capable of demonstration even though the blood were equilibrated in 
pure oxygen. It is regretted that higher oxygen tensions were not 


Fic. 12. BHCOs;: pH curves for mackerel blood at 20° C. The dots are for 
reduced, and the circles for oxygenated blood. 


used, for it seems that if such had been the case the idea of inactivity 
would have had either a stronger case in its favor or been thrown out 
entirely. It may be that the entire situation is a greatly exaggerated 
Bohr effect, and all that is necessary is higher oxygen tensions to bring 
back the original oxygen capacity. 

If the idea presented in this paper proves upon further experimen- 
tation to be correct, we have before us a means of furthering the study of 
Adair’s theory of the combination of oxygen with hemoglobin. 

Aside from the physical chemistry of fish hemoglobin, the relation of 
the data presented to the life of the fish is interesting. We find a cor- 
relation between the transportation of oxygen and the environment and 
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habits of the fishes. The sluggish fishes have bloods of low oxygen 
capacity, and the active of high capacity. Thus, there is evidence of 
adjustment between oxygen capacities and oxygen requirements, for, 
as Hall (1929) has shown, the sluggish fishes do not consume as much 
oxygen per unit time as the active. Further evidence of adjustment is 
shown in the form of the oxygen dissociation curves at low carbon 
dioxide tensions. The toadfish hemoglobin, under these conditions, 
becomes saturated with oxygen at a much lower tension than is the case 
with the other two fishes. This may partially explain the ability of 
this fish to live in water of abnormally low oxygen tension (Hall, 1930). 
On the other hand, mackerel hemoglobin, in the presence of 1 mm. of 
carbon dioxide, requires a considerably greater tension of oxygen to 
become saturated than is the case for the other fishes studied. This 
may account in part for the great susceptibility of the mackerel to 
asphyxiation. Hall (1930) found that a mackerel requires a strong 
circulation of oxygen-loaded sea water over its gills in order to prevent 
excessive oxygen-unsaturation of its blood, and consequent death due 
to asphyxia. 

The high sensitivity of all three hemoglobins to carbon dioxide indi- 
cates that they are adjusted to an environment of low carbon dioxide 
tension, such as the gills offer. Any one of the fishes examined would 
experience considerable difficulty in getting sufficient oxygen were the 
environment in which its gills are bathed loaded with free carbon 
dioxide. Krogh and Leitch (1919) and Redfield e¢ al. (1926) have 
alluded to the apparent adjustment of the oxygen dissociation curves 
to the environment and habits of animals. Krogh and Leitch offered 
such a conclusion after working on the blood of fishes, while Redfield 
and collaborators came to the same conclusion after investigating cer- 
tain bloods containing hemocyanin. The work presented here corrobo- 
rates their evidence. 

With regard to the transportation of carbon dioxide by the blood of 
marine fishes, this investigation shows that the amount bound by the 
various bloods is not the same for all species. Directionally the same 
differences occur as were found in the ability of the bloods to combine 
with oxygen. Mackerel blood is not only able to bind greater quanti- 
ties of oxygen, but is also able to bind greater quantities of carbon 
dioxide than either toadfish or sea robin blood. This strongly suggests 
that the greater concentration of hemoglobin in mackerel blood is re- 
sponsible for the difference noted. It is known that hemoglobin affects 
the height and slope of carbon dioxide-absorption curves. This has 
been pointed out by Peters, Bulger, and Eisenman (1924) and others. 
The writer, too, found that anaemic fish blood would not take up as 
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much carbon dioxide as normal blood of a species. It is generally rec- 
ognized that hemoglobin plays an important réle in the transportation 
of carbon dioxide. This has been shown by Van Slyke (1921) and 
many other workers. However, just how close a relationship there is 
between the hemoglobin concentration and the ability of fish blood to 
carry carbon dioxide cannot be stated at this time. 

The greater concentration of hemoglobin in mackerel blood may 
also account for the fact that it is easier to demonstrate greater carbon 
dioxide absorption by its reduced than by its oxygenated blood, than 
to do it with either toadfish or sea robin blood. 

The small amount of carbon dioxide found in the circulating blood 
of these fishes is in agreement with the findings of Kokubo (1930) for 
certain other marine species. At the same time the relatively poor 
buffering ability of their blood agrees with data on other forms pre- 
sented by Collip (1920), Wastl (1928), and Kokubo (1930). The facts 
that there is little carbon dioxide normally present in the blood of these 
fishes, and that it is poorly buffered against carbon dioxide, again sug- 
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Fic. 13. Comparative oxygen dissociation curves. Curve 1 is for toadfish 
blood at 20° C. and 1 mm. carbon dioxide; curve 2 for human blood at 37.5° C. and 
20 mm. carbon dioxide; curve 3 for turtle blood at 25° C. and 40 mm. carbon dioxide; 
curve 4 for carp blood at 18° C. and 30 mm. carbon dioxide; and curve 5 for mackerel 
blood at 20° C. and 1 mm. carbon dioxide tension. 


gest an adjustment of the bloods to sea water. There is a low carbon 
dioxide tension in the gill of a marine fish, a fact necessarily correlated 
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with the low carbon dioxide tension in sea water. At the same time, 
because of low metabolic rate, a fish produces relatively small quanti- 
ties of carbon dioxide. Mammalian blood must, by virtue of the high 
alveolar carbon dioxide tension and the greater metabolic activity on 
the part of the animal, be prepared to handle larger quantities of carbon 
dioxide than the blood of a fish. The situation as it stands appears to 
point to adjustment on the part of both fish and mammal blood to the 
particular physiological, morphological, and ecological differences that 
concern the two types of vertebrates. 
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Fic. 14. Effect of carbon dioxide on the ‘‘ unloading tension’’ (Po: when blood 
is half saturated) of various vertebrate bloods. Curve 1 is for sea robin blood at 
20° C.; curve 2 for toadfish blood at 20° C.; curve 3 for mackerel blood at 20° C.; 


curve 4 for human blood at 37.5° C.; curve 5 for turtle blood at 25° C.; and curve 6 
for carp blood at 18° C. 


The calculated pH of fish blood is less than that of sea water. One 
may wonder how the blood maintains a lower pH. The facts that the 
blood is poorly buffered, and that it maintains a carbon dioxide tension 
normally higher than that of sea water probably account for the lower 
pH. 

In comparing the data presented in this paper with similar data on 
other vertebrates, several interesting differences are brought out. In 


Fig. 13 a family of oxygen dissociation curves is shown. Conditions 
30 
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have been chosen in such a manner as to make the curves fairly near 
alike. The oxygen dissociation curve for human blood has been con- 
structed from the data of Bock, Field, and Adair (1924); that for the 
turtle from Southworth and Redfield’s (1926) work; and that for the 
carp from Wastl’s (1928) data. The most noticeable thing about these 
curves is the diversity of conditions under which they were established. 
The only way one can make them resemble each other fairly closely is to 
establish them under widely different conditions of temperature and 


carbon dioxide tension. 
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Fic. 15. Comparative carbon dioxide-absorption curves for reduced blood 
(except for turtle). Curves 1 and 2 are for turtle blood at 25° C.; curve 3 for human 
blood at 15 °C.; curve 4 for frog blood at 15° C.; curve 5 for mackerel blood at 20° C.; 


curve 6 for carp blood at 18° C.; curve 7 for sea robin blood at 20° C.; and curve 8 for 
toadfish blood at 20° C. 
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In order to show how these same bloods are affected differently by 
carbon dioxide Fig. 14 has been constructed. One can see at once that 
the effect of carbon dioxide on marine fish blood is profoundly different 
from its effect on either human, turtle, or carp blood. 

The foregoing comparisons point out well the specificity of hemo- 
globin in nature that Barcroft (1928) stresses. The significance of 
specificity is great. Were all hemoglobins alike many animals would 
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not be able to exist under the conditions of their environment, or of 
their assumed structural and functional characteristics. 

For the purpose of showing the differences between the carbon di- 
oxide-absorption curves of various vertebrate bloods Fig. 15 is pre- 
sented. The data plotted are for reduced blood, except in the case of 
the turtle. The curves for human, frog, and carp bloods have been 
constructed from the data of Wastl and SeliSkar (1925), and Wastl 
(1928); and those for the turtle from Southworth and Redfield’s (1926) 
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Fic. 16. Comparative BHCO; : pH curves for reduced blood (except for turtle) - 
Curve 1 is for turtle blood at 25° C.; curve 2 for frog blood at 15° C.; curve 3 for hu- 
man blood at 15° C.; curve 4 for carp blood at 18° C.; curve 5 for mackerel blood at 
20° C.; and curve 6 for toadfish blood at 20° C. 


data. The curves show that the blood of fishes is characterized by a 
relatively weak, those of the frog and turtle by a relatively strong, and 
that of the human by a more or less intermediate carbon dioxide- 
combining power. Human blood yields the steepest carbon dioxide- 
absorption, which means that it is buffered the best. These curves 
have been plotted at as near the same temperature in all cases as pos- 
sible, since it has been shown by Warburg (1922), Stadie and Martin 
(1924), and Cullen, Keeler, and Robinson (1925) that temperature af- 
fects the carbon dioxide-combining power of blood. 

In order that the buffering ability of several vertebrate bloods might 
be compared Figs. 16 and 17 were constructed. Data other than the 
author’s have been taken from the previously mentioned sources and 
the pH or cH calculated on a basis comparable to the calculations made 
for marine fish blood. In Fig. 16 the BHCO; : pH relationships are 
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shown; in Fig. 17 the 10-* X cH : Pco, relationships. In the first 
figure the more nearly parallel the curve runs with respect to the 
abscissa the more poorly the blood is buffered. The results here indi- 
cate that toadfish blood is the poorest buffered, while human blood is 
the best buffered. There appears to be little difference in the other 
bloods. In the second figure the steeper the curve is, the poorer the 
blood is buffered against carbon dioxide. The results obtained here 
indicate that toadfish and sea robin blood are relatively poorly buffered, 
while frog, turtle, and human blood are relatively well buffered. Carp 
and mackerel blood are more or less intermediate with respect to the 
others, resembling, however, the bloods of the higher vertebrates 
slightly more than those of the toadfish and sea robin. 
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Fic. 17. Comparative 10-* X cH : Pcoe curves for reduced blood (except for 
turtle). Curve 1 is for toadfish blood at 20° C.; curve 2 for sea robin blood at 20° C.; 
curve 3 for carp blood at 18° C.; curve 4 for mackerel blood at 20° C.; curve 5 for 


frog blood at 15° C.; curve 6 for human blood at 15° C.; and curve 7 for turtle blood 
at: 23? CG. 


There is another point of interest about Figs. 16 and 17. Regard- 
less of the slope of the curves, at any given pH the bloods do not have 
the same BHCO; content; likewise at any given cH they are not sub- 
jected to the same carbon dioxide tension. This may be explained by 
the fact that the carbon dioxide-absorption level is quite different for 
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the different bloods. The higher the level at a given carbon dioxide 
tension the more the hydrogen ion concentration is displaced in the al- 
kaline direction. Southworth and Redfield (1926) have shown that as 
far as turtle blood is concerned the characteristically high level of the 
carbon dioxide-absorption curve is due to high BHCO; in the plasma 
and the relatively small amount of hemoglobin present to act as an 
acid in dissociating carbon dioxide from its salt. Perhaps the same 
thing holds true for frog blood. It is interesting to note that in the case 
of toadfish and sea robin blood the dissociation of carbon dioxide is 
quite complete even though there is a low hemoglobin concentration. 

The differential buffering ability of the bloods may possibly be 
explained on the basis of the nature of the adjustments that vertebrates 
have undergone in going from an aquatic to a terrestial environment. 
The acquirement of lungs and a higher rate of metabolism has made 
necessary a greater buffering defense. 


SUMMARY 


1. The oxygen capacities of marine fish bloods are quite different 
for different species. The greatest difference is between the typically 
sluggish and active forms, the former having bloods of low, and the 
latter bloods of high oxygen capacity. There is a general correlation 
between oxygen capacity and corpuscle count, corpuscle volume, and 


iron content. 


2. Studies on the oxygen dissociation curves of marine fish hemo- 
globin, and on the effect of carbon dioxide on the oxygen capacity have 
brought forth the suggestion that the effect of carbon dioxide on the 
hemoglobins of these fishes is not solely on their oxygen dissociation 
constants, but that there is an inactivation of certain of the prosthetic 
groups concerned in binding oxygen in the hemoglobin molecule, caus- 
ing a marked decrease in oxygen-combining power of the bloods. 
The most marked evidence of inactivation occurs at definite ranges of 
carbon dioxide tension and pH for the different bloods. 

3. The carbon dioxide-combining power of fish bloods appears to be 
correlated with hemoglobin concentration. Mackerel blood with high 
hemoglobin absorbs more carbon dioxide than toadfish blood, which 
has a low hemoglobin concentration. 

4. Reduced fish blood will absorb slightly more carbon dioxide than 
oxygenated blood. For sea robin and toadfish bloods the range of 
carbon dioxide tension where this can be demonstrated is short, being 
between about 2 and 25 mm., while it is longer for mackerel blood, 
being about 2 to 95 mm. 

5. There is a differential buffering ability shown by these bloods, 
mackerel blood being buffered the best and toadfish the poorest. 
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6. Comparative studies of vertebrate bloods strengthen the idea of 
specificity of hemoglobins. Those of the marine fishes are far more 
sensitive to carbon dioxide than those of the carp, turtle, and human. 

7. Comparative studies on carbon dioxide transportation show that 
turtle and frog bloods have a relatively great, fishes a relatively small, 
and human blood a more or less intermediate carbon dioxide-combining 
power. The bloods also vary considerably in their buffering capacity, 
human blood having the greatest and toadfish blood the least. 

8. The general results of this investigation point to an adjustment 
on the part of the blood of marine fishes to a sea-water environment, 
and the habits or characteristics of the fishes. At the same time the 
comparative studies indicate marked differences between the bloods of 
fishes and terrestrial vertebrates. These differences can perhaps be ac- 
counted for on the basis of the new morphological and physiological 
features that terrestrial vertebrates have acquired, along with change 
in environment, which have made necessary correlative changes in the 
respiratory function of the blood. 
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THE RESPIRATION OF PUFFER FISH 


F. G. HALL 


(From the Department of Zodlogy, Duke University, and the U. S. Bureau of 
Fisheries, Woods Hole, Mass.) 


The mechanism of respiration of fishes which live in the sea offers 
an attractive and productive subject for study. The ocean is stable and 
uniform and therefore a favorable environment for living organisms. 
An abundant supply of oxygen is usually present. The hydrogen ion 
concentration varies only in a range whicii is close to the optimum for 
physiological processes, especially for the elimination of carbon dioxide. 
The temperature of the ocean as compared with freshwater and land 
conditions is relatively uniform. Moreover, sea water is similar in 
constitution to the internal fluids of marine organisms. Since most 
vertebrates have mechanisms for maintaining conditions within their 
bodies more or less constant and since fishes are the last of typically 
marine vertebrates to evolve, it seems important to study the factors 
which vary in sea water and which in some manner influence the respira- 
tory exchange of gases between fishes and their surroundings. 

Fishes breathe dissolved gases from water which they pump over 
their gills. The mechanism for external respiration consists in most 
fishes of rhythmical suction of water into the oral cavity and its subse- 
quent expulsion through the gill clefts. During inspiration the mouth 
is opened and the oral cavity enlarged by the lateral expansion of its 
walls. When the oral cavity is closed the expiratory process begins. 
By the lateral contraction of the oral walls water is driven thrqugh the 
gill clefts and over the gill filaments. The branchial arches are spread 
apart during the expiratory phase, thus permitting all of the filaments 
to come into direct contact with the circulating water. The gas ex- 
change between the blood and water takes place through the walls of the 
filaments. 

Considering the general mechanics of external respiration as shown 
by fishes, several problems come to mind. How much water is pumped 
in a single respiratory cycle? How much of the dissolved oxygen is 
removed from sea water as it passes the gills? When an increased oxy- 
gen supply is required, which plays the more important role—an increase 
in the ability of the gills to absorb oxygen from the sea water; an in- 
crease in the volume of water pumped by a single respiratory cycle; or 
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an increase in the number of respiratory cycles per unit time? Consid- 
eration is given to each of these possibilities in the following pages. 

Three physico-chemical factors which may vary in the external me- 
dium and affect the equilibrium which the organism maintains in its 
internal environment are temperature, oxygen tension, hydrogen ion 
concentration (carbon dioxide tension and hydrogen ion concentration 
per se). By varying these factors in the investigations to be described, 
a means of studying certain phases of the general problem of respiration 
was found. 

The most extensive studies bearing on the problems of fish respira- 
tion are those of Winterstein (1908). He used the fresh-water fish, 
Leuciscus erythrophtalmus. Fishes under observation were held fast 
by a clamp, while a constant stream of water of a known oxygen tension 
was passed over the gills by means of a thick canula fastened in the 
mouth of the fish. The amount of oxygen used up was determined. 
This is perhaps the simplest and most direct method that has been de- 
vised for the determination of the respiratory exchange in fishes. How- 
ever, as Winterstein has pointed out, one must keep in mind that the 
fishes are breathing somewhat abnormally. When fishes have water 
forced over their gills, they may not respire in the same way as if 
they were pumping the water over the gills in the natural manner. He 
concludes from his experiments that the oxygen consumption is inde- 
pendent of oxygen tension of the surroundings within wide limits of 
magnitude, and that the utilization of oxygen is in inverse proportion to 
the flowing velocity. Henze (1910) has also shown that oxygen con- 
sumption in certain fishes is not influenced to any great extent by the 
oxygen tension of the surrounding water. His results are expressed in 
arbitrary values and are not particularly constant. 

Gaarder (1918) has performed an interesting experiment on the 
fresh water carp. His paper is stimulating and thoughtful. However, 
it discusses only a few analyses and has the disadvantage that the gills 
were subjected to forced ventilation and therefore were perhaps not 
functioning naturally. Gaarder had the misfortune, it appears, of be- 
ing quoted inaccurately, being said to conclude that oxygen consumption 
is within wide limits proportional to oxygen tension. Another author 
quotes him as believing that oxygen consumption is independent of oxy- 
gen tension. The writer understands Gaarder’s conclusion to be that 
consumption is uninfluenced so long as the hemoglobin of the blood is 
not fully saturated; when oxygen and the oxygen tension of the physi- 
cally dissolved oxygen is raised considerably, then oxygen consumption 
shows an increase. 

Powers (1922, 1929) and Powers and Shipe (1928) have shown 
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that carbon dioxide tension and pH have a pronounced effect on the 


respiration of fishes. Powers (1930) has given an excellent summary 
of the relation between pH and aquatic animals. 


Fic. 1. Apparatus used for the determination of the influence of environmental 
factors on the respiration of puffer fishes. 


METHODS 


The puffer fish, Spheroides maculacus (Bloch and Schneider), was 
used in the writer’s investigations because it was particularly adapted to 
such a study. The rounded shape of the opercular aperture, which is 
considerably reduced in size as compared with other fishes, makes this 
species especially advantageous. Glass tubes may be inserted through 
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the opercular openings without apparent injury. All of the water 
pumped by the fish for respiratory purpose will then flow through the 
glass tubes and samples can be collected for analyses. Fishes carrying 
such tubes will lie quietly for hours apparently breathing normally, and 
will live in this condition for several weeks. Tubes were inserted in 
the opercular openings of puffers about three or four days previous to 
using them for the respiration experiments. Thus the animals became 
accustomed to breathing in such a manner. 

The apparatus used in these experiments is shown in Fig. 1. The 
fish was submerged in a chamber (c), which had a capacity of 4 liters. 
A reservoir (R) to which flowing water was admitted and which also 
contained a funnel out of which all of the excess water flowed was 
connected to the chamber by a hole one inch in diameter. Two side 
compartments (s) were so arranged that they could be connected with 
the glass tubes inserted in the opercular opening of the fish. A funnel 
was placed in each side compartment at the same level as that in the 
reservoir (R). The height of the funnels in each case was adjusted so 
that before the fish was connected to the side compartments water en- 
tering the reservoir would flow out through the funnel in the reservoir 
but would not flow out through the funnels in the side compartments. 
Thus only a very slight exertion on the part of the fish was required to 
pump water from the chamber in which it was submerged to the fun- 
nels in the side compartments. Fishes were placed in the chamber so 
that their mouths were close to the hole leading from the reservoir. 
Thus a fresh flowing supply of water was always available. It was 
not found necessary to either anzsthetize these fishes or to clamp them. 
If they were left undisturbed by outside factors they would remain 
quiet for hours. 

The quantity ‘of water pumped per minute was measured by use of 
volumetric flasks placed under the funnels, and a stopwatch. The quan- 
tity of water pumped through the right and left gill chambers was taken 
separately. Analyses of the dissolved oxygen was made on the water 
before it entered the fish’s mouth and after it had been pumped into the 
side compartments. The well known Winkler method as modified by 
Birge and Juday was employed. Care was taken not to expose the 
water to air in taking the samples. 

In experiments where the influence of temperature was studied, 
water was cooled to the desired temperature by passing through coils 
in a constant temperature bath. A range of 10° C. was used since 
puffers do not readily adjust themselves to a lower temperature than 
10°-11° C. or higher than 23°-24° C. The temperature range chosen 
for this experiment was 12°-22° C. 
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The hydrogen ion concentration of the water was measured by 
colorimetric means. Consequently the analyses do not represent a pre- 
cise measurement or an absolute value since salt errors are introduced. 
No corrections have been made for salt errors. The pH determinations 
must be taken only as of relative values. In one type of experiment 
the hydrogen ion concentration of the water was controlled by the addi- 
tion of carbon dioxide gas. In a second type hydrochloric acid was 
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Fic. 2. Graph showing the influence of temperature on the respiration of 
puffer fishes. Respiratory rhythm (RF) in respirations per minute; oxygen con- 
sumption (M) in cc. of oxygen per kilogram per hour; water pumped through 
branchial cavity (W) in deciliters per hour; percentage of dissolved oxygen (O) 
removed from the affluent water. 


added to the water and the carbon dioxide formed was driven off by 
aeration. 


Sea water of different oxygen tensions was procured by boiling and 
subsequent mixing with normal sea water. In this manner sea water of 
any desired oxygen tension could be obtained. 
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RESULTS 


The results of the first experiment are graphically indicated in 
Fig. 2. They show the influence of temperature on the respiration of 
puffer fishes. Ten individuals were submitted to various temperatures 
as indicated on the graph and the results for each were averaged. It 
may be observed that the respiratory rhythm (R), rate of metabolism 
(M), and quantity of water pumped per minute (W) increased pro- 
gressively with increase in the temperature of the surrounding water. 


Fic. 3. Graph showing the influence of pH with low CO: tensions on respira- 
tion of puffer fishes. Scale and legend as in Fig. 2.~ 


The percentage of the dissolved oxygen absorbed from the surrounding 
water, however, did not increase appreciably. At 20° C., which was 
approximately the temperature of sea water in the Woods Hole Region 
at the time these experiments were conducted, puffer fishes had an 
average rhythm of 80 respirations per minute, pumped 6 liters of water 
over their gills in an hour, absorbed 45 per cent of the dissolved oxygen 
from the water, and consumed on the average 62 cc. of oxygen per 
kilogram of body weight in an hour. 
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The second experiment shows the effects on the respiration of puffer 
fishes of varying the hydrogen ion concentration of the surrounding 
water by the addition of hydrochloric acid to sea water (and subsequent 
aeration in order to remove excess carbon dioxide). The results ob- 
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Fic. 4. Graph showing the influence of pH with( high CO) tensions on respira- 
tion of puffer fishes. Scale and legend as in Fig. 2. 


tained with six individuals are averaged and summarized graphically in 
Fig. 3. They show that decreasing pH per se apparently inhibits the 
rate of metabolism (1), and the amount of water pumped by fishes. 
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The respiratory rhythm (RF) is affected slightly. The percentage of 
oxygen absorbed (O) decreases with increasing acidity. 

The third experiment was devised to show how dissolving carbon 
dioxide would affect respiration as compared with the effect of pH pro- 
duced by hydrochloric acid in the previous experiment. Figure 4 repre- 
sents the average results obtained with puffer fishes. These indicate 
that variations in carbon dioxide concentration expressed in terms of 
the pH of the water which contains it have a much greater influence 
on respiration of fishes than variations in pH due to other factors. 
The quantity of water pumped (W) was markedly accelerated when 
the sea water approached the acid side of neutrality. The rate of 
metabolism was greatly inhibited. The respiratory rhythm decreased 
in rate accordingly. Fishes died when the pH was lowered below 6.5, 
while in the previous experiment no difficulty was experienced in sub- 
mitting individuals to a pH of 6.0. 


TABLE I 


The percentage of dissolved oxygen absorbed by puffer fish from sea water 
of varying oxygen tensions at 20° C. 





Dissolved Oxygen in cc. Per Liter ; 
Percentage of Dissolved 


Oxygen Absorbed 
Affluent Water Effluent Water 


4.68 2.16 


4.00 


3.10 


1.10 
1.14 0.58 


0.98 0.45 


The purpose of the fourth experiment was to determine the per- 
centage of oxygen which fishes absorbed at different oxygen tensions. 
These determinations were made on eight individuals at a consiant 
temperature of 20° C. Dissolved oxygen analyses were made on the 
affluent water which was being sucked into the mouth of the fishes and 
on the effluent water which was flowing out of the opercular opening 
after it had passed the gills. The results obtained with each individual 
were averaged and are shown in Table I. They indicate that fishes are 
able to absorb from 45 to 48 per cent of the dissolved oxygen from sea 
water regardless of wide variation in the tension of the dissolved oxy- 
gen in the affluent water. 
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DIscuSSION 


It is evident from the foregoing experiments that the puffer fish is 
able to pump considerable water over the gills. The quantity of water 
circulated through the gill clefts and over the gill filaments varies under 
different circumstances (Fig. 2). When the temperature of the in- 
spired water is increased, the oxygen consumption increases progres- 
sively. Concomittantly more water is pumped by the fish. However, 
the quantity of water which is pumped by a single inspiration and ex- 
piration varies but little and remains relatively constant through a wide 
range of temperature changes. The rate of respirations per minute, on 
the other hand, shows a parallel increase with that of water pumped and 
oxygen consumed by the organism. Similarly, the quantity of dis- 
solved oxygen removed does not seem related or influenced by the 
oxygen consumed, but remains at a fairly constant level. Between 
temperatures of 12° and 22° C. the variation in the percentage of oxy- 
gen removed from the inspired water was between 44 and 45 per cent. 
It seems, therefore, that the need for an increased quantity of oxygen 
with increasing temperature is obtained mainly by regulation of the 
respiratory rhythm and not by the quantity of water pumped on each 
inspiration or the quantity of oxygen removed from the inspired water. 

The gills are apparently a very efficient mechanism through which 
oxygen is absorbed into the blood. Gill filaments are made of numerous 
lamellz, thereby increasing the absorptive surface. Capillaries supply 
the lamellz with blood which passes into the general circulation. The 
outer membrane of the gill filaments is very thin, only a few microns in 
thickness. Through this membrane dissolved molecular oxygen passes 
from the sea water into the blood and is there bound by hemoglobin. A 
small quantity of molecular oxygen will also be found in the blood in 
the same state as in sea water, i.e., physically dissolved. The oxygen 
capacity of the blood of puffer fishes has been found to range from 8 to 
10 volumes per cent. 

When water is pumped into the mouth of the puffer, it is forced out 
between the branchial arches in such a way that a great proportion of it 
comes into contact with the gill lamelle. The gills are flattened and 
elongated and are fairly close together when water is forced past them. 
Thus their anatomical arrangement is particularly advantageous. Sev- 
eral factors are to be considered in properly interpreting their function. 
When a stream of water passes through a branchial cleft its velocity will 
be greatest in the middle of the stream and least nearest the lamelle. 
Relatively more oxygen will consequently be absorbed from the water 
nearer the lamellz than from that further away. If oxygen is to be 
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absorbed from the water moving at the higher velocity it must diffuse 
rather rapidly. The rate of diffusion will depend upon the pressure 
gradient. 

Thus the efficiency of the respiratory mechanism may in a way be 
determined by comparison of the gas tensions of the affluent and effluent 
water. Figure 1 shows that at 20° C. puffers pump an average of 6 
liters of water per hour over their gills, and that 45 per cent of the dis- 
solved oxygen was removed from affluent water. This indicates a very 
effective aération of the gills. Such a conclusion is further substanti- 
ated by the fourth experiment, in which the oxygen tension of the 
affluent water was changed through a series of tensions ranging from 
0.9 cc. per liter to 4.8 cc. per liter. It was found that about the same 
percentage of oxygen was removed regardless of the oxygen tension. 
The percentage varied only from 45 to 48 per cent. This indicates that 
the respiratory mechanism of gill aération is equally efficient over quite 
a wide range of oxygen tensions. 

An interesting point which must be considered in investigations 
concerned with the respiration of fishes is the absence of any mechani- 
cal buffering means such as is present in the alveolar air of air-breathing 
animals. Mammals particularly have a residual air supply which main- 
tains a fairly constant CO, and O, tension so that moderate irregu- 
larities in breathing only slightly change the gas tensions of the alveolar 
air. Fishes, however, have their gills directly exposed to water and 
have nothing comparable to alveolar air tensions. Their gills are di- 
rectly exposed to the gas tension of the water in which they live. They 
have apparently no means by which the gas tensions to which their gills 
are subjected may be altered. Since the amount of CO, in sea water is 
low, the CO, tension of the water surrounding the gill filaments would 
be much lower than the CO, tension in the alveolar air of lung-breathing 
vertebrates. Investigations are now being conducted to determine the 
CO, tension of fishes blood and its réle in the respiratory function of 
the blood. 

SUMMARY 


1. A method is described for studying environmental factors which 
affect the respiration of fishes. 

2. An increase in temperature of water surrounding puffer fishes is 
followed by increased oxygen consumption by the fishes, a greater quan- 
tity of water pumped through the branchial chamber, and a faster re- 
spiratory rhythm. The percentage of dissolved oxygen absorbed re- 
mains constant at all temperatures observed. 

3. Increase in hydrogen ion concentration inhibits oxygen consump- 
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tion by marine fishes, but addition of CO, has a more pronounced effect 
than addition of HCl at the same pH. 

4. The results indicate that marine fishes apparently remove dis- 
solved oxygen from sea water by an efficient mechanism of gill aération. 
Fishes absorbed about 46 per cent of dissolved oxygen from sea water 
at all observed oxygen tensions. 
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THE RATE OF OXYGEN CONSUMPTION OF ASTERIAS 
EGGS BEFORE AND AFTER FERTILIZATION ' 


PEI-SUNG TANG 
(From the Marine Biological Laboratory, Woods Hole, Mass.) 


I 


Since the account of Loeb and Wasteneys (1912) nineteen years 
ago, no data have been made available on the rate of oxygen consump- 
tion of Asterias eggs before and after fertilization. In view of the 
importance of such studies for the understanding of the mechanism of 
development as well as that of cellular oxidation, it was considered 
desirable to reinvestigate the subject, using the microrespirometer 
technic. This method has the advantage over the Winkler method, 
which Loeb and Wasteneys used, in that slight changes in rate of 
oxygen consumption can be detected at rather short consecutive time 
intervals. 

I 

The microrespirometers employed were those described by Warburg 
(1926). Conical vessels of about three cubic centimeters capacity with 
side arms and cylindrical insets for alkali were used. Half a cubic 
centimeter of egg suspension was placed in each vessel. In the experi- 
ments with fertilized eggs, 0.1 cc. of sperm suspension was introduced 
either directly into the chamber containing the eggs or into the side- 
arm to be mixed with the eggs after a number of readings on the un- 
fertilized eggs had been taken. The experiments were conducted at 
23.0° C. and the manometers shaken at the rate of 70 complete oscilla- 
tions a minute with an amplitude of 15 cm., which was demonstrated 
to be adequate to insure the requisite mixing. 

Eggs from single animals were used. The gonads were removed 
from the animals with a pair of forceps after partially detaching the 
appendages, and placed in about twenty-five cubic centimeters of sea 
water. After the eggs were shed, they were filtered through cheese 
cloth into a 100 cc. beaker filled with sea water and concentrated by 
decanting the supernatant liquid. A portion of the eggs was examined 
about twenty minutes after removal for maturation, and only those 
lots of eggs with 50 per cent or more maturation were used in the ex- 

1 Supported in part by a grant from the Rockefeller Foundation to the University 
of Chicago. 
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periments. At the end of an experiment, the eggs were examined again 
and the percentages of maturation or cleavage were recorded. The 
experiments were conducted during July and August at a time past the 
height of the breeding season and the number of satisfactory experi- 
ments available for analysis was relatively few. However, all experi- 
ments showed good agreement qualitatively, and only the typical ones 
are given here. 


Ill 


A series of experiments was conducted in the following manner: 
Half-cc. portions of egg suspension were placed in four vessels with the 
sperm in the side arms. After a number of readings at 5-minute inter- 
vals with the eggs unfertilized, the sperm in the side arms of three of 
the vessels was mixed with the eggs, an operation requiring less than a 
minute, and readings at 5-minute intervals were continued for 100 
minutes. The data are plotted in Fig.1. In these graphs the ordinate 
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represents the relative rates of oxygen consumption and the abscisse, 
time in minutes. Lines B, C and D are obtained from experiments in 
which the eggs were fertilized after the fourth reading: line A represents 
the control in which the eggs and the sperm remained separate during 
the experiment. The arrow points to the time of fertilization. The 
results indicate that there is no change, either temporary or permanent, 
in the rate of oxygen consumption during the first 100 minutes after 
fertilization, and the scattering of the points is almost identical in the 
fertilized and the unfertilized eggs. This scattering is due, presumably, 
to errors in reading the small changes on the manometers. The result 
confirms the findings of Loeb and Wasteneys, and is unlike the case of 
Arbacia eggs (e.g., Tang, 1931). It may be remarked that the per- 
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centages of fertilization and cleavage were somewhat low (less than 50 
per cent of all eggs), although samples from the same lot of eggs kept 
in a Syracuse watch glass at room temperature (25° C.) showed as 
much as 85 per cent cleavage. These low percentages would diminish 
but not mask the respiratory changes due to fertilization if they were 
present. 


& 
& 
O 
= 
8 
‘2S 
e. 
E 
3 
wn 
c 
3 
O 
c 
+ 
bo 
> 
x 
Oo 


105 135 165 
Time in Minutes 


Fic. 2. 


In a second series of experiments the eggs in two of the respirometer 
vessels were fertilized immediately before the experiments were started, 
two other vessels contained the same amount of eggs but unfertilized, 
and a fifth vessel contained a known amount of the sperm suspension 
used in the first two vessels. The rates of oxygen consumption were 
followed for three hours. When the experiments were performed in 
this way, over 50 per cent of the eggs had cleaved to 8 and 16-cell stages 
at the end of the experiment, and over 80 per cent of the eggs had 
matured. The data are presented in Fig. 2, in which the ordinate 
represents the amount of oxygen consumption in cubic millimeters and 
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the abscissa, the time in minutes after the closing of the manometers. 
The values for the fertilized eggs with sperm are plotted as line A, those 
for the unfertilized eggs, B; and those for the sperm, C. The broken 
line D is the corrected curve for the fertilized eggs minus the sperm, 
i.e., A-C, which falls closely on the curve for the unfertilized eggs. 

In some of the experiments, for reasons yet obscure, over 80 per 
cent of the unfertilized eggs remained immature after three hours in 
the respirometers although controls in Syracuse watch glasses gave a 
high percentage of maturation. Like the mature eggs, their rate of 
oxygen consumption is constant, and for the first hour in the respirom- 
eters it is equal to those of the mature and fertilized eggs, becoming 
slightly lower after the second hour. 

The absolute rates of oxygen consumption (Qo) for these eggs of 
the second series during the first hour in the respirometers expressed in 
terms of cubic millimeters per hour per million eggs (the number being 
obtained by hemocytometer counts) are: immature, 168; mature, 170; 
and fertilized, 167. Thus it appears that the rate of oxygen consump- 
tion for the Asterias eggs is the same whether mature, immature, or 
fertilized. Their rate is of the same order of magnitude as that for the 
fertilized Arbacia eggs, and is five times that of the unfertilized (Tang, 
1931). If we take into consideration the diameter of the unfertilized 
Arbacia eggs (74 micra) and that of the unfertilized Asterias eggs (160 


micra), we obtain a ratio of 1: 2.2. On squaring, it becomes 1 : 4.8, 
which is the ratio of the Qos, of these eggs, indicating that when ex- 
pressed in terms of amount of oxygen consumed per unit surface, the 
Qo, of the two unfertilized eggs agree. Such a relation fails to hold 
in the case of the fertilized eggs. 


| wish to express my sincere gratitude to Professors R. S. Lillie and 
R. W. Gerard for their advice and suggestions during the course of 
this study. 
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NOTES ON THE FEEDING MECHANISM AND ON INTES- 
TINAL RESPIRATION IN CHAETOPTERUS 
VARIOPEDATUS?* 


G. H. FAULKNER 


(From the Marine Biological Laboratory, Woods Hole, Mass.) 


A healthy Chetopterus introduced into a glass tube rapidly lines this 
with a parchment-like secretion. One individual, after living in such a 
tube for two weeks, extended the lining beyond the aperture of the tube 
at one end. The prolongation was sharply constricted, showed suc- 
cessive thickened rings, and terminated in an expanded rim; it was, in 
fact, an exaggeration of the constriction at the end of a normal tube. 

The tube current in such a preparation, as is well known, enters the 
tube anteriorly and leaves posteriorly, maintained by the rhythmic beat- 
ing of the fans on segments 14, 15, and 16. It is weak ventral to the 
animal, but strong dorsally, and is directed under the arch formed by 
the long parapodia of segment 12. 

This main tube current provides the food supply, the nature of 
which has been described by Enders (1909). The collecting mechanism 
has been described by several authors as follows: the broad ciliated 
buccal funnel collects directly from an extensive antero-ventral field; 
in addition, ciliated grooves on the dorsal side of the thorax collect from 
the tube current. To demonstrate this when the animal is removed 
from its tube, food particles must be supplied by dropping them onto 
the thorax from a pipette. 

Such particles are collected in a mucoid stream into grooves along 
the inner edge of the arch formed by the parapodia of segment 12, and 
pass from this anteriorly in a median groove. Particles which happen 
to fall on the ventral face of the thorax are passed in laterally moving 
streams dorsally, between some of the posterior parapodia—being thus 
brought into the dorsal collecting field. The median dorsal groove does 
not lead directly into the mouth, but ends blindly in a dilatation posterior 
to the dorsal lip overhanging the mouth (Fig. 1). The wall round the 
terminal dilatation is thickened and raised, and forms a three-lobed 
prominence. The anatomical details of the structure of the groove 
have been given by Joyeux-Laffuie (1890). 

1 The following notes were made during a visit to the Marine Biological Lab- 


oratory at Woods Hole during August and September, 1929. The author wishes 
to thank Dr. F. R. Lillie for his interest and assistance. 
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In describing the transference of food from the groove into the 
mouth, Enders stated that “the lip of the buccal funnel is drawn back- 
wards, and the ciliary groove, which ncw extends beyond the dorsal 
border of the mouth, permits the granules to fall directly upon the ven- 
tral lip of the funnel.” Described in more detail, the complete course 
of events is as follows. 

While the food is passing forward in the groove, the anterior edge 
of the dorsal lip is reflected posteriorly until its tip comes into contact 
with the wall of the terminal dilatation of the groove (Fig. 2). To aid 
this, the posterior half of the lip is depressed by ventral muscular con- 
tractions centering in two areas. One of these is immediately anterior 
to the end of the groove; the other forms a pit within the tissue of the 
lip. These two contractions result in the formation of a deep transverse 
groove between the anterior end of the dorsal groove and the anterior 
edge of the lip, arched over by the lip when this is reflected. 

A further contraction now follows, as a result of which the exposed 
surface of the reflected lip becomes depressed in the median-sagittal line 
so as to form a deep longitudinal groove, which is a direct continuation 
of the groove on the thorax; the food particles can now pass from one 
to the other without any interruption or obstruction (Fig. 3). 

When the food has passed over the groove and into the mouth, the 
‘1p is relaxed and returns to its position of rest. If it happens that the 
food is removed before it reaches the anterior end of the thorax, the lip 
does not complete this normal cycle of action, but is relaxed at once. 

The stimulus which excites this reflex is apparently the presence of 
solid particles in the food groove. In addition to this mechanical sensi- 
tivity there may be some sense of chemical discrimination also, as the 
animals often discard carmine or other non-nutritive particles. 

The lip action can be induced experimentally in the following man- 
ner. A fine brush from which all but a few hairs have been removed 
is drawn slowly along the groove from the posterior end, and the lip 
responds as described above: the advantage of using such a type of 
stimulation is that one point only of the groove is stimulated at any one 
moment. While the brush is in the posterior end of the groove there 
is no response, but when it reaches approximately the level of the third 
or fourth setigerous parapodium, reflection of the lip begins. The exact 
extent of the anterior sensitive area varies, but it seems to be not more 
than one-fifth of the total length of the groove. The lip is reflected 
before the food reaches it,—it acts at such a time, in fact, that when the 
first granules reach the end of the thoracic groove, the groove on the lip 
is just ready to receive them. Stimulation of the anterior raised termi- 
nation of the groove causes immediate response irrespective of whether 
or not the groove itself has been stimulated previously. 
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Fic. 3. 


Fic. 1. Anterior end, dorsal view, showing lip in position of rest. (Diagram- 
matic. ) 

Fic. 2. The same, with lip reflected posteriorly. 

Fic. 3. Lip reflected and grooved longitudinally ready to receive the food 
stream from the thoracic groove. 
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In connection with this reflex action it is of interest to compare a 
figure given by Joyeux-Laffuie of the nervous system of Chetopterus. 
He shows a pair of nerves arising from the dorsal region of the circum- 
cesophageal ring and extending over approximately the anterior half of 
the setigerous thoracic segments—thus corresponding more or less in 
their distribution with the extent of the sensitive area. 

Observations on intestinal respiration were made on individuals 
which had recently regenerated some posterior segments. Such new 
somites are transparent and free from pigment, and are particularly 
favorable for this purpose. 

Stephenson (1913) mentions Chetopterus in his paper on intestinal 
respiration and records an in-going current at the anus, but adds that 
no anti-peristaltic contraction of the gut was seen. Such contractions 
have, however, been seen repeatedly in recently regenerated somites, 
though not in normal pigmented individuals. In addition to anti- 
peristaltic contractions, the “ gulping” action recorded by Stephenson 
in several genera was seen at times, and there was in some cases also 
observed a pulsating or pumping action in the gut at some distance in 
front of the anus. 

The simple anti-peristaltic action will be described first. It is an 
anteriorly moving wave of contraction passing over the alimentary canal 
in the few hind somites, constricting both the walls and the lumen. The 


number of segments over which it persists varies, but it has repeatedly 
been watched over at least seven segments, and occasionally over one or 
two more. The interval of time separating successive waves varies also, 
both in different individuals, and in the same individual on different oc- 
casions: in fact, the activity often ceases altogether. When active, the 
waves may follow each other at intervals of 4, 3, 2, or even 144 seconds. 


‘ 


A regular “ gulping” action was seen only rarely, though it is not 
uncommon to see the anus opening and closing at irregular intervals; 
this action is usually associated with a movement of protrusion and re- 
traction of the posterior end of the canal. In one particularly favorable 
individual the “ gulping ” action maintained a rhythm with intervals of 
approximately one second, while after every three or four gulps there 
was a pause while a peristaltic wave passed anteriorly over a few seg- 
ments. 

The pumping mechanism mentioned above probably serves to re- 
inforce the peristaltic wave: it may synchronize with the wave, or may 
have an independent rhythm. It is seen less frequently than the peri- 
stalsis. The action occurs about seven somites in front of the hind end, 
but as details vary, a few precise examples will be given. 

One individual examined had seven newly regenerated somites at 
the hind end, all perfectly colorless and transparent. Anti-peristaltic 
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waves passed over the alimentary canal in the posterior segments, suc- 
ceeding each other at intervals of approximately four seconds. At the 
same time, the gut in the fifth segment from the hind end maintained a 
pulsation independent of this wave, the beats occurring at intervals of 
about one second. In another case peristaltic waves passed forwards 
over the gut, and as they reached the seventh segment from the hind end 
and were becoming weak, they received renewed impetus and persisted 
through two or three segments further. 


Fic. 4. Posterior end, showing the intestine protruded at anus. 


The function of this anal and intestinal mechanism may be two-fold, 
as suggested by previous authors (see Stephenson, 1913 and 1930). 
In the first place, the in-going anal current may be respiratory: Che- 


topterus has no special respiratory organs, and there are several features 
which support the suggestion that the anus may play a part in respira- 
tion. In the present case all the observations were made in aquaria, 
hence, although the aération was maintained as efficiently as possible, i 
was not normal. However, it is known that in the natural situation the 
animal often protrudes its hind end from the tube. Further than this, 
there is a terminal swelling on the alimentary canal which is protrusible, 
and which, when everted, forms a rosette-shaped protrusion around the 
anus (Fig. 4). When retracted, the termmation of the canal appears 
compressed and much folded. There is also, as described by Enders, a 
longitudinal groove in the intestine in which the cells are distinguished 
by their stronger cilia and by the absence of green granules. In the 
oligochetes similar grooves are associated with an in-going respiratory 
current, and the same explanation may perhaps be true here. 

In the second place, the muscular activity of the intestinal wall may 
be for the purpose of propulsion of blood in a peri-enteric sinus or 
plexus: such a peri-enteric plexus exists in Chetopterus according to 


Probst (1929). 
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SUMMARY 


1. The food of Chetopterus is transferred from the dorsal thoracic 
groove to the mouth by the temporary adaptation of the dorsal lip to 
form a conducting channel leading directly into the mouth from the 
blind anterior termination of the groove. 

2. This reaction of the dorsal lip can be induced by mechanical 
stimulation of the anterior part of the dorsal groove. 

3. Clear and colorless somites which have been regenerated recently 
at the hind end of a Chetopterus demonstrate the occurrence of anti- 
peristaltic contractions in the alimentary canal of the hind segments; 
such individuals also show a “ gulping” action at the anus, and an ac- 
cessory pumping mechanism in the walls of the intestine amplifying the 
peristaltic contractions. 
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DIPLOID MALE PARTS IN GYNANDROMORPHS OF 
HABROBRACON 


P. W. WHITING 


DEPARTMENT OF ZOOLOGY, UNIVERSITY OF PITTSBURGH 


There are many theories of the origin of male parts of gynandro- 
morphs in Hymenoptera. They may be classified under three headings, 
—gynogenetic, androgenetic, and biparental. 

The gynogenetic theories presuppose egg binuclearity. Male parts 
arise from a blastomere nucleus (Boveri, 1915), a separate odgonial 
nucleus (Dénhoff, 1860; Doncaster, 1914), or a second odtid from the 
same odcyte (Whiting, P. W., 1924). According to these theories male 
parts should show only maternal characters. 

The theory of androgenesis involves polyspermy (Morgan, 1905). 
The supernumerary sperm nucleus undergoes cleavage resulting in 


haploid male tissue. Male parts then should show only paternal char- 
acters. 


The biparental theory that holds for the majority of gynandromorphs 


in Drosophila has been applied by Morgan to the bee. According to this 
theory, the gynandromorph starts out as a female but loses an X-chromo- 
some in an early embryonic stage. The resulting one X tissue is male. 
Male tissue would then be biparental in inheritance of autosomal traits, 
but as regards sex-linked traits there is an equal chance that male tissue 
would be of paternal or of maternal origin according to which X-chromo- 
some was lost. 

Another biparental theory assumes both egg binuclearity and poly- 
spermy. Fertilization of the two egg nuclei by separate sperm may 
result in tissues of opposite sex depending upon the chromosome com- 
position of the two zygotes. In case of female digametism, male tissue 
would be entirely biparental but in case of male digametism, male tissue 
would be biparental for autosomal traits, matroclinous for sex-linked 
characters. 

Previously published records of gynandromorphs in Habrobracon 
have made it seem high! probable that male tissue is gynogenetic in 
this form. A single case (No. 325) was, however, reported in which 
male parts were patroclinous (Whiting, P. W., 1928). This example 
had clearly male head and ocelli of male size, which as well as the eyes 
were black and of paternal origin since the mother had recessive ivory. 
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A second instance came to light in August, 1930, when Mr. Hurst 
Shoemaker was studying progeny from crosses of females from an 
orange-eyed, 0, defective-veined,.d, stock (No. 3) with males of type 
stock No. 1. Among the type females and orange-defective males ex- 
pected from this cross, there was found a gynandromorph (No. 438) 
with male head, black eyes and black ocelli. The ocelli were of typical 
male size set in a dark area of male character. The antennz were also 
thale and the instincts were in general male; for it attempted to mate 
with females and was indifferent to host caterpillars, except for a slight 
momentary reversal when it attempted to use its sting against a cater- 
pillar. The abdomen was entirely female, body pigment and wings sym- 
metrical. The primary wings were of normal venation, a patroclinous 
trait but sex of wings in this instance, presumably female, could not be 
accurately determined. 

Further evidence has been obtained in regard to the nature of 
gynandromorphs which bears upon the theories above presented. The 
following summary involves only those with parents bearing diverse 
traits, so that character of male structures is decisive as regards origin. 

Of gynandromorphs from mothers carrying the dominant factor 
there were four in which male parts were matroclinous. These are 
decisive against the androgenetic theory for this case, but do not preclude 
a biparental origin. 

Of gynandromorphs from mothers carrying the recessive factor there 
are 38 in which male parts were matroclinous. Among these the total 
number of matroclinous traits in male parts is 50. These instances are 
not only contrary to the androgenetic theory but against the biparental 
theories as well. 

The significance of the two individuals with male parts patroclinous 
from recessive mothers will be discussed below. 

Female parts of sex mosaics have generally been regarded as bi- 
parental, and should accordingly show the dominant traits of either or 
both parents. Four gynandromorphs obtained from mothers with a 
dominant factor have shown this dominant. Twenty-eight obtained 
from mothers with one or more recessive factors have shown 33 domi- 
nant patroclinous traits, each dependent upon a single genic difference. 
Evidence is entirely in agreement with biparental origin of female parts. 

The reason for the excess of gynandromorphs from recessive mothers 
and dominant fathers over those from the reciprocal is merely that many 
more crosses are made in which the female bears the recessive. There 
is no greater tendency for recessive females to produce them. Females 

* Many of the mutant factors causing these traits arose in the course of X- 


radiation experiments conducted under a grant from the Committee on Effects of 
Radiation on Living Organisms, National Research Council. 
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bearing one or more recessives are used in connection with investigations 
on biparental males. 

Crosses of certain stocks regularly produce a few males resembling 
their sisters in showing the dominant traits of both parents (Whiting, 
Anna R., 1927). These have been called at various times, anomalous, 
patroclinous, biparental, or diploid males. Evidence has been gradually 
accumulated which indicates their diploidism. It is perhaps useless to 
speculate at this time as to why they are males if diploid; but it has beeh 
shown that occurrence of these males is dependent upon the stock of 
mother as well as of father. Thus stock No. 3 female by related No. 1 
male produces biparental males while the same female by unrelated No. 
11 male fails to produce them. No. 11 males may, however, sire bi- 
parental sons when crossed with related No. 12 females. It is suggested 
that absence of an X-chromosome either from the reduced egg or from 
the sperm may be the determining factor, but for this there is as yet no 
evidence. 

The two gynandromorphs with male parts patroclinous may be ex- 
plained by the theory of loss of an X-chromosome in development but, 
since both came from crosses producing biparental males, they are re- 
garded as having developed from binucleate eggs in which each nucleus 
was fertilized by a different sperm. Egg binuclearity and dispermy are 


both involved with absence of an X-chromosome either from one egg 
nucleus or from one sperm nucleus. 
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A GYNANDROMORPH OF HABROBRACON FROM A 
POST-REDUCED BINUCLEATE EGG? 


P. W. WHITING anno MILTON FRANKLIN STANCATI 


UNIVERSITY OF PITTSBURGH 


The origin of gynandromorphs from binucleate eggs has been estab- 
lished genetically for various insects. Boveri (Boveri, Th., 1915) re- 
garded the two nuclei as resulting from a first cleavage division of a 
reduced egg nucleus with consequent equality of maternal contribution 
to male and female parts of the resulting embryo. His theory may be 
called post-maturational. 

Whiting (Whiting, P. W., 1924) interpreted the origin of a haploid 
mosaic male from a heterozygous mother, oDwl1/OdWm, as due to 
pre-reduction of Dd and Ww, post-reduction of Oo and Mm. The two 
cleavage nuclei would then be products of the second oocyte division, 
one corresponding to the reduced egg nucleus, the other to the second 
polar body. This maturational theory was later (Whiting, P. W., and 


Whiting, Anna R., 1927, and Whiting, P. W., 1928) applied to the 
origin of gynandromorphs. Contrary to the view of Boveri, the two 
ootid nuclei may bear different genes for those loci undergoing post- 
reduction. 


Other theories, maturational and pre-maturational, have been ad- 
vanced by various authors allowing difference of maternal contribution. 
Goldschmidt (Goldschmidt, R., 1931) has genetic evidence for the ex- 
istence of such differences in the silkworm, Bombyx, as well as cyto- 
logical results favoring Whiting’s maturation theory. 

There is now abundant genetic evidence in Habrobacon for the ex- 
istence of differences in the maternal contribution to the genetically 
different parts of haploid mosaic males from heterozygous virgin 
mothers. It has been supposed that gynandromorphs have an origin 
similar to these males except that one of the odtid nuclei is fertilized 
and that consequently female parts are diploid and biparental, while 
male parts are haploid and matroclinous. There has been, however, 


up to the present time no critical case in this wasp contrary to Boveri’s 
scheme. 


1 The gynandromorph discussed in this paper was found during the course of 
experiments conducted under a grant from the Committee on Effects of Radiation 
on Living Organisms, National Research Council. 
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In the course of experiments at the Marine Biological Laboratory, 
Woods Hole, during the summer of 1931, a number of females (stock 
No. 3), homozygous for the recessive genes for orange eyes, 0, and de- 
fective wing venation, d, were crossed to type (black-eyed, O, normal- 
winged, D) males (stock No. 1). When the diheterozygous, OoDd, 
type daughters from this cross were bred, the occurrence of females 
among their progeny indicated that they had mated with their orange- 
defective brothers. In addition to the four classes of males and of 
females expected,—type,. orange, defective and orange defective,—there 
appeared in one fraternity a gynandromorph, No. 513 (Fig. 1). 


Be i. <2. 


The antennz were male; the left having 21 segments more or less 
deficient terminally, the right having 23 of normal appearance. Both 
eyes were orange in anterior and dorsal regions, black in posterior and 
ventral. The ocelli (Fig. 2) were small and therefore female, the lat- 
eral orange, the median containing some dark pigment. The area be- 
tween the median and right ocelli was dark while that around the left 
was yellow. The dark area may be presumed to be male in constitution, 
as male integument tends to be darker than that of the female under 
similar conditions of temperature, etc. The fact that the ocelli were 
orange and female indicates that the orange parts of the compound 
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eyes as well were female and the black parts male. The left primary 
wing was smaller, therefore presumably male, and showed defective 
venation, the fourth branch of the radius (R,) being completely lacking, 
while the right primary was larger (female) and type. The secondary 
wings also showed the sex difference in size. In the prosterna the left 


Fic. 2. X 160. 


side showed the darker (male) pigmentation. The abdomen was fe- 
male throughout. 


The origin of this gynandromorph may be represented by the fol- 
lowing formula: 


First polar body OoDd 


Oétids Odl|oD- 
Sperm nucleus lod 


Cleavage 
nuclei 


The fact has been well established for Habrobracon that the mother con- 
tributes to both male and female parts of gynandromorphs. The cir- 
cumstances of this case, in which the paternal genes were recessive for 
the loci concerned, allowing the dominant genes of the mother to express 
themselves, indicate that the maternal contributions to the male and 
female parts of this gynandromorph are different. That direct evidence 
of this sort, in favor of the hypothesis of Goldschmidt and Whiting, has 
not been found before in Habrobracon may be attributed to the fact that 
most of the crosses are made with homozygous females, and that in the 
few gynandromorphs reported from heterozygous mothers, the distribu- 
tion of the haploid and diploid tissues did not permit differences between 
the maternal contributions to show. By making enough appropriate 
crosses with females heterozygous for factors affecting various parts of 
the body, it should be possible to produce gynandromorphs giving fur- 
ther evidence of the same sort. 
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ON CERTAIN PHYSIOLOGICAL DIFFERENCES BETWEEN 
DIFFERENT PREPARATIONS OF SO-CALLED 
“CHEMICALLY PURE” SODIUM CHLORIDE 


MARY MORRISON WILLIAMS anp M. H. JACOBS 


(From the Marine Biological Laboratory, Woods Hole, Massachusetts, and the 
Department of Physiology of the University of Pennsylvania) 


I 


It is the purpose of the present paper to direct the attention of 
biologists to important differences in the toxicity to living cells and 
organisms of certain commercial brands of so-called C.P. sodium 
chloride which have usually been treated in the past as being more or 
less identical chemically. The brands in question have all been used 
frequently at the Marine Biological Laboratory and other scientific in- 
stitutions in this country; and, in view of the striking differences that 
will be shown to exist between them, the question arises how far the 
work of different investigators, who have in the past used sodium 
chloride of unspecified origin, is comparable and, indeed, how far many 
published statements concerning the physiological properties of this 
salt in pure solutions may be generally true. While these questions 
cannot as yet be answered with entire certainty, the necessity is clearly 
indicated for much greater care in the future than has been exercised 
in the past in physiological work involving this commonest of all salts. 

The observations which formed the beginning of this investigation 
were made more or less accidentally in connection with certain unpub- 
lished studies on the hemolytic effects of ammonium chloride on the 
erythrocytes of the various classes of vertebrates, particularly the 
fishes. In the course of these studies, controls of isotonic NaCl were 
used for comparison, the salt employed being that which happened at 
the time to be in general use at the Marine Biological Laboratory. It 
soon became apparent that whereas the erythrocytes of the mammals 
remained intact almost indefinitely in such control solutions, those of 
several species of fishes, among them the sea robin, the butterfish, the 
cunner, the tautog, the mackerel, the scup and the fresh water perch, 
underwent destruction in times ranging from a few minutes to several 
hours, though failing to do so in similar solutions of KCl or CaCl, or in 
properly diluted sea water. 

The unique behavior of NaCl is brought out in Fig. 1, in which are 
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plotted against the times in hours from the beginning of the experiment 
the cell counts, obtained by the usual hemocytometer method, of sus- 
pensions of the erythrocytes of the sea robin (Prionotus carolinus) in 
approximately isotonic solutions of KCI, NaCl and CaCl, and in a 
physiologically balanced mixture of the three salts. The rapid de- 
struction of the erythrocytes here shown in solutions containing NaCl 
and their preservation in the other solutions are entirely typical of 
dozens of experiments made during the summer of 1926 with the par- 


0 
1 2 3 4 5 


Fic. 1. Effect of exposing erythrocytes of the sea robin (Prionotus carolinus) to: 
(1) M/3.7 KCl, (2) M/5.5 CaCl, (3) M/3.7 NaCl and (4) a mixture of these solutions 
in the proportions of 2: 2:96. Ordinates represent numbers of cells per cubic 
millimeter and abscissz times in hours. 


ticular brand of salt in question, not only on the erythrocytes of the sea 
robin but on those of the other species mentioned above as well. 

On repeating the experiments the following year our surprise was 
great when the expected hemolysis in NaCl solutions completely failed 
to appear, the erythrocytes remaining intact in such solutions for many 
hours with no more evidence of injury than when KCl or properly 
diluted sea water wasemployed. The only difference between the two 
sets of experiments was that by chance a new brand of C. P. NaCl had 
been substituted in 1927 for that used in 1926. On going back to the 
former brand the earlier results could again be repeated at will. Evi- 
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dently there was in respect to their hemolytic properties at least, a very 
decided difference between two preparations of NaCl, both presumably 
of good quality and both in common use at the Marine Biological 
Laboratory and elsewhere. Because of the possible importance of such 
differences in physiological work, further experiments on fish erythro- 
cytes were therefore undertaken with the more common commercial 
brands of C.P. sodium chloride; and the results were later extended to 
several other types of living material. The general outcome of these 
experiments may now be described. 


Il 


In all, five brands of C.P. NaCl, each prepared by a different manu- 
facturer, were studied. In every case, samples from several separate 
and previously unopened containers were used. In order to avoid any 
possibly unjust conclusions being drawn as to the relative values of the 
salts of the different manufacturers for the chemical purposes for which 
they were primarily intended, the different brands will be designated 
merely by the letters A to £, inclusive. It is perhaps not improper to 
say that the brand designated by A, which is the least harmful to fish 
erythrocytes of all those studied, being in fact practically as harmless 
as KCl, is the Kahlbaum salt of the best quality obtainable. Of the 
other four brands, B was at times almost as good as the Kahlbaum 
preparation, but at other times was distinctly harmful, the differences 
observed depending partly on the lot of salt used and especially on the 
species of fish furnishing the erythrocytes. In our earlier experiments, 
in which the decidedly resistant erythrocytes of the sea robin were 
employed, this brand was almost indistinguishable from A, but in 
later observations made by Dr. A. K. Parpart, working with one of the 
authors on another problem, it appeared that it was quite incapable of 
preserving for any length of time the much less resistant erythrocytes of 
the tautog and the cunner which were, however, not markedly injured 
by brand A. Brands D and E were invariably destructive to all the 
fish erythrocytes studied, though more rapidly so to some than to 
others. Brand C, as far as it was studied, appeared to be relatively 
harmless, but our information about it is not very complete. 

A typical experiment in which the effects on the erythrocytes of the 
scup (Stenotomus chrysops) of brands B, C, D and E and of KC1 is illus- 
trated in Fig. 2. The blood in this case, as in all others here reported, 
was freshly obtained from a living fish without the use of any anti- 
coagulant and was added immediately to the solutions in question in 
the proportion of approximately 1 to 200 by volume (7.e., one drop to 
10 cc.). A slight variation in the sizes of the drops of blood was of no 
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significance, since cell counts were made in every case. In the absence 
of exact information concerning the osmotic pressures of the various 
bloods studied, the concentration of NaCl employed was taken, unless 
otherwise indicated, as 0.25 M. Such solutions have a freezing point 
of approximately —0.86° C., which is not very far removed from that 
of the plasma of the various marine teleost fishes for which figures are 
available; and at all events the concentration was the same for the 
various brands of salt employed, so that the results were entirely 
comparable among themselves. 

It will be noted in Fig. 2 that for the duration of the experiment 


1 2 3 4 5 


Fic. 2. Effect of exposing erythrocytes of the scup (Stenotomus chrysops)to 
M/4 solutions of brands B, C, D and E of NaCl and to M/4 KCl. Ordinates repre- 
sent numbers of cells per cubic millimeter and abscisse times in hours. 


(5 hours) there was no appreciable decrease in the number of erythro- 
cytes in solutions of brands B and C, while in similar solutions of brands 
D and E the numbers had decreased very appreciably within one half 
hour and very few erythrocytes remained at the end of four hours. It 
may be mentioned incidentally that the erythrocytes of the scup, like 
those of the sea robin, are relatively resistant ones; those of the butter- 
fish or of the cunner disappear far more rapidly. 

This particular experiment is typical of several dozen others differ- 
ing in detail but all giving essentially similar results. In addition, 
many incidental observations by W. A. Smith, S. E. Hill and A. K. 
Parpart working with one of the authors on other problems in which 
cell counts were not made but hemolysis was followed by a macroscopic 
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method have been in entire agreement with the results pictured in 
Fig. 2. It may, therefore, be considered as definitely established that 
the erythrocytes of certain fishes are affected in an entirely different 
manner by various preparations of C.P. NaCl in common use. 


Il 


As to the cause of these differences, two main possibilities suggest 
themselves: either pure sodium chloride is in itself destructive to the 
erythrocytes and its harmful effect is antagonized by impurities of some 
sort present in brands A and usually in brands B and C, or pure sodium 
chloride is in itself relatively harmless to this form of material and the 
injury is due to a toxic impurity of some sort in brands D and E and 
sometimes in B and C. Though the first type of explanation might 
perhaps appear to be somewhat far-fetched, it must not be forgotten 
that pure NaCl has been generally considered to be highly toxic (Loeb, 


TABLE | 


Effect on erythrocytes of the freshwater perch of solutions of NaCl of brands B and E 
before and after recrystallization. The figures represent numbers of erythrocytes in 1 
cubic millimeter of a dilute suspension. 


Brand B Brand D 





| 
Neniar of | Original Salt |Recrystallized Salt Original Salt Recrystallized Salt 
Experiment — ee a ee ne ee : 
Beginning | After} Beginning | After} Beginning | After| Beginning | After 
| of Experi- 1 of Experi- 1 of Experi- 1 of Experi- 1 
ment hour ment hour ment hour ment hour 





200 200 |190| 225 0 240 
225 225 =| 205 175 0 150 
3 250 250 160 150 0 150 
Average | 2 225| 225 |218| 183 | 0} 180 








1900; Osterhout, 1922) and that its toxic effects may be antagonized by 
very low concentrations of plurivalent cations—for example, in the case 
of the cilia of Mytilus, according to Lillie (1906), M/51,200 FeCl; is 
strikingly antitoxic. 

It was thought that some light might be thrown upon these two 
alternative types of explanation by a comparison of the effects upon 
the same material of a harmful and a harmless brand of salt before and 
after recrystallization. Brand B was known, for example, to be harm- 
less and brand E to be highly destructive to the erythrocytes of the 
freshwater perch. If the first of the two types of explanation were 
correct, recrystallization should tend to make brand B more toxic than 
before and leave E unchanged; if, on the other hand, the second were 


correct, recrystallization should make E less toxic and leave B un- 
changed. 
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Lack of time prevented extensive recrystallizations from being 
carried out, but in Table I are represented the results of one experiment 
in triplicate of this sort. Because of the difference in the osmotic 
pressure of the blood of freshwater as compared with marine teleosts, 
the concentration of NaCl here employed was 0.147 M, which has a 
freezing point in the vicinity of that found by Garrey (1916) for the 
blood of a number of freshwater fishes, 7.e., approximately —0.50° C. 
It will be noted that the experiment shows no significant change in the 
properties of either salt after recrystallization. It is therefore incon- 
clusive, so far as throwing light upon the nature of the differences in the 
physiological properties of the salt preparations in question is con- 
cerned, but it does indicate one fact of great practical importance, 
namely, that any impurities that may be present are difficult to remove 
by recrystallization. 

The question of possible antagonism was more directly and exten- 
sively attacked in another way. Since it is well known from the work 
of Loeb and others that perhaps the most effective single antagonist of 
the toxic effects of sodium is calcium, and that solutions containing 
sodium, calcium and potassium in the proper proportions form for most 
cells and tissues a fairly good substitute for their natural medium, at- 
tempts were made to find some combination of the chlorides of calcium 
or of calcium and potassium, with the toxic brands of sodium chloride 
that would remove or at least greatly diminish the hemolytic effect of 
the latter. In this we were completely unsuccessful. In particular, 
the addition to the toxic brands of NaCl of CaCl, and KCI in the ap- 
proximate proportions in which they occur in the body fluids of the 
vertebrates or in sea water was almost without effect (see Fig. 1). 
Only when isotonic solutions of CaCl. or KCI or both were added to 
similar solutions of NaCl in sufficient quantities to dilute the latter 
appreciably did a diminution of the hemolytic effect become apparent. 
This effect, however, which is entirely different from antagonism, is 
what would be expected if the NaCl carried a toxic impurity. 

It has been mentioned above that the erythrocytes of marine fishes 
are preserved fairly normally in properly diluted sea water, which is a 
well-known example of a physiologically balanced salt mixture. In 
several experiments, diluted sea water was mixed in different propor- 
tions with approximately isotonic solutions of one of the toxic brands 
of NaCl. In such experiments it was found that the hemolytic effect of 
the added salt could, in general, be detected to an extent that depended 
upon its concentration in the mixture. This result is again what would 
be expected if a toxic impurity were associated with the sodium 
chloride. 
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In view of the fact that all attempts to demonstrate a physiological 
antagonism between the toxic brands of NaCl and various calcium and 
potassium mixtures failed completely, the view was definitely aband- 
oned that hemolysis by some salt preparations is due to the destructive 
effects of pure NaCl itself. The fact that brand B could manifest its 
harmful effects even in the presence of a considerable excess of diluted 
sea water and the additional fact that brand A, which has been con- 
sistently harmless, is at the same time one generally considered by 
chemists to be of especially high purity seem to point rather to some- 
thing added to the sodium chloride in the toxic samples of the salt. 
It may be mentioned that Dr. Eric G. Ball has recently obtained evi- 
dence of a very direct and convincing nature that the hemolytic effects 
of some brands of NaCl are due to contained impurities. This evidence 
will soon be published elsewhere. 

Accepting the view that some brands of C.P. NaCl contain an im- 
purity highly destructive to the erythrocytes of fishes there may be 
mentioned briefly several of our unsuccessful attempts to determine the 
nature of this impurity. Partly because our results on this point were 
completely negative and partly because of the much more extensive 
observations along the same lines soon to be published by Dr. Ball, it 
will be sufficient here merely to eliminate from further consideration 
one or two conceivable factors. 

It is known that the erythrocyte is, in general, fairly sensitive to 
pH changes and also that some preparations of so-called “neutral 
salts’’ are not entirely neutral. One of the first of the possibilities to 
be considered, therefore, was the reaction of the various solutions stud- 
ied. It was found that as far as pH measurements can be made upon 
completely unbuffered solutions there were no significant differences in 
reaction between the different sodium chloride solutions and the dis- 
tilled water used to make them up, or between these solutions and simi- 
lar ones of completely harmless KC]. Furthermore, in one experiment 
there was added to solutions of brands B and E sodium bicarbonate in 
the proportion of one part of M/4 bicarbonate to twenty of M/4 NaCl. 
The pH of the resulting mixtures was then adjusted to 7.0 in each case 
by the addition of carbon dioxide in the proper amounts, a procedure 
which leaves the effective osmotic pressure of the mixture for the 
erythrocyte unaltered. Blood was then added to these well buffered 
mixtures, which were kept tightly stoppered throughout the remainder 
of the experiment. In spite of this careful regulation of the pH of the 
solutions, the erythrocytes underwent destruction in the presence of 
NaCl of brand E and remained intact in the case of brand B exactly as 
before. In still other experiments, it was shown that with a given 
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salt a change in the reaction of the solutions of two pH units (7.e., from 
pH 6.0 to 8.0), which greatly exceeds any differences that could con- 
ceivably have been present in any of our experiments, had negligible 
effects upon the characteristic properties of the salts. It may be con- 
sidered fairly certain, therefore, that the physiological differences be- 
tween the salts in question are not due to pH effects. 

In our search for possible impurities in sodium chloride preparations 
it was suggested to us by a chemical colleague that fluorides, which are 
fairly toxic to some living cells, might perhaps be concerned. Experi- 
ments were therefore made in which sodium fluoride was added in 
different proportions to the harmless salt of brand B. The proportions 
used ranged from a maximum concentration of NaF of 0.025 M by a 
series of dilutions with a factor of one fifth to a minimum concentration 
of the order of 0.00000001M. In none of these solutions, however, was 
brand B caused to resemble even remotely brands D and E, and it was 
therefore concluded that fluorides could scarcely be the impurity con- 
cerned. Similar experiments were carried out with salts of several 
toxic metals such as Pb, Hg and Cu which might conceivably have been 
present in traces in the more injurious salt preparations, but our results 
were again essentially negative. 

As far as it was possible to carry our experiments up to the time 
when it became necessary to discontinue them in 1928, absolutely no 


clue had been obtained as to the nature of the hypothetical impurity. 
It should be emphasized, however, that a lack of knowledge of the 
nature of this impurity in no wise detracts from its physiological im- 
portance or renders its disturbing effects in certain types of experi- 
mental work less real. 


IV 

After establishing the fact that certain brands of so-called C.P. 
NaCl are highly destructive to the erythrocytes of a number of teleost 
fishes, experiments were undertaken to determine how far similar 
effects could be obtained with other forms of living material. It is evi- 
dent that effects of this sort might, if unrecognized, cause considerable 
confusion in physiological work, particularly since all the brands of 
sodium chloride in question have been commonly used in such work— 
frequently with no published statements by which they may be identi- 
fied. Additional experiments were therefore undertaken upon the 
following forms of material: mammalian erythrocytes, newly-hatched 
Fundulus, the eggs of Arbacia and the cilia of Mytilus. These experi- 
ments may be briefly described in the order mentioned. 

As contrasted with the erythrocytes of the fishes, those of the mam- 
mals appear to be little injured by any of the brands of sodium chloride 
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in question. It is doubtless owing to the comparative insensitiveness 
of this much-studied type of cell that the striking physiological differ- 
ences in the properties of different salt preparations did not long ago 
become generally known. Our experiments were carried out on the 
blood of man, the ox, the dog, the cat, and the porpoise in the manner 
described above, the only difference in technique being that the con- 
centration of the salt employed with the mammalian erythrocytes was 
0.154M instead of 0.25M. 

The results in the case of every mammal studied were, briefly, that 
for 10 or more hours at room temperature or for 24 hours partly at 
room temperature and partly in a refrigerator there was no appreciable 
hemolysis in any of the solutions. In experiments of longer duration, 
there were in a few cases some slight indications of differences in the 
expected direction, but these were so small and irregular as to be of 
little significance. It is possible that by employing aseptic precau- 
tions, which were not practicable in our experiments, and by keeping 
the erythrocyte suspensions for several days, constant differences might 
be demonstrated. For practical purposes, however, in ordinary ex- 
periments of short duration with mammalian blood it would appear to 
make little difference which brand of sodium chloride is used. 

The experiments made upon Fundulus heteroclitus are of interest 
because it was upon this material that Loeb (1900 and later papers) 
obtained his most striking evidence of the toxicity of pure sodium chlo- 
ride. Though for a number of reasons it appeared to be impossible 
that the effects described by Loeb could have been due to an impurity 
in the salt used rather than to the salt itself, it nevertheless seemed of 
some importance to determine whether with Fundulus the primary 
toxicity of pure sodium chloride might be modified in any way by the 
contaminating impurity supposed to be present in some preparations. 
The general result of our experiments was to show that this is, in fact, 
the case. 

A typical experiment on newly-hatched, free-swimming fish is de- 
scribed in Fig. 3. In it, brands B and E were compared with respect 
to their ability to stop (a) the swimming movements of the animals 
and (b) the heart-beat. The concentration was in each case M/2, 
which is approximately isosmotic with Woods Hole sea water. It will 
be observed that the differences between the two salts are rather 
striking. At the end of 6 hours nearly all swimming movements had 
ceased in the animals exposed to brand E£, while only a few of the indi- 
viduals exposed to brand B had been similarly affected ; some continued 
to move in this solution for over 12 hours. The cessation of the heart- 
beat also occurred much more rapidly in the presence of brand E than 
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in that of brand B. These differences were observed many times with 
no exceptions. It may be concluded, therefore, that the observed ef- 
fects of sodium chloride upon Fundulus depend to a considerable extent 
on the particular salt preparation employed. 

A very sensitive test object for many purposes is the egg of Arbacia, 
whose rate of cleavage is affected in a readily measurable manner by 
very slight changes in, for example, the osmotic pressure and the carbon 
dioxide tension of the surrounding medium. Since pure isotonic 
sodium chloride is known to be toxic to this egg, it was thought that 
differences in the properties of different salt preparations might be 


4 8 12 16 


Fic. 3. Effect on newly-hatched Fundulus of M/2 NaCl of Brands B and E. 
Ordinates represent percentages of the animals showing swimming movements 
(solid lines) and heart-beat (broken lines); abscisse represent times in hours. 


shown by exposing fertilized eggs of Arbacia to them for suitable times 
and then determining the effect of such exposures upon the rate or the 
final percentage of cleavage. This was done in two ways: first by plac- 
ing the eggs in the sodium chloride solution to be tested shortly before 
cleavage and allowing them to remain in the solution, and second by 
employing a short temporary exposure to the salt followed by a return 
to sea water. The first type of experiment proved to be entirely un- 
suitable owing to the failure of the eggs to divide at all, but the second 
type yielded results which, while not wholly satisfactory, were at least 
suggestive. 
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The general result obtained from experiments of this latter type was 
that in some cases there were no very significant differences between 
the effects of salts B and E, but that in several cases where decided 
differences appeared, these were always in such a direction as to indi- 
cate a greater toxicity of brand E than of brand B. The reverse condi- 
tion was never obtained. An experiment showing a very considerable 
difference in the toxicity of salts of brands B and E is summarized in 
Table II. It may scarcely be considered a typical experiment, how- 
ever, since the differences observed were usually not so great. 

Finally, a few observations were made upon the cilia of Mytilus, 
which Lillie (1906) has shown to be very rapidly injured in solutions of 
pure isotonic sodium chloride. It is, of course, difficult to treat the 
beat of cilia in a strictly quantitative manner, since different groups 


TABLE II 


Effect on Subsequent Cleavage of Exposure of Fertilized Arbacia Eggs to Two Brands of 
Sodium Chloride 








Percentage Undergoing Cleavage within 2 Hours 


Length of Exposure 
Brand B Brand E 
minules 

5 68 a 
10 39 4 
15 4 1 
20 2 5 
25 8 2 


come to rest at different times and even within the same group certain 
individual cilia continue to beat long after the others have ceased to 
do so. It is possible, therefore, for the experimenter merely to esti- 
mate in a general way when. some given end-point has been reached. 
As far as such estimates could be made, our experiments showed no 
significant differences between the different brands of sodium chloride, 
perhaps because in this case the pure salt itself is extremely toxic. For 
these particular experiments brand A was not available, but a sample 
of B of very low toxicity to fish erythrocytes was compared with brand 
E of high toxicity. The times for the attainment of the same estimated 
end-point with different gill filaments were found to be 15, 13, 4.5, 11 
and 9.5 minutes (average 10.6 minutes) with brand B; and 11, 13, 7 and 
10.5 minutes (average 10.4 minutes) with brand E, respectively. It is 
not impossible that more extensive and refined experiments would be 
capable of demonstrating definite differences, but as far as the present 
evidence goes, these would not likely be very great. 
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Summarizing the results of the various experiments with different 
types of living material, it may be said that no significant differences be- 
tween the different brands of sodium chloride studied have been found 
with mammalian erythrocytes or with the cilia of Mytilus; occasional 
but by no means constant differences in the expected direction have 
been found with the eggs of Arbacia, constant differences of consider- 
able magnitude in the same direction occur with newly-hatched Fundu- 
lus; and differences of the most striking and characteristic sort are in- 
variably present in the case of the material which was first studied, 
namely, the erythrocytes of certain fishes. Though up to the present 
time the fish erythrocyte is the most sensitive form of material known, 
it is not impossible that other types will be discovered in the future of 
even greater sensitivity. In the meantime, physiologists should con- 
stantly be on their guard, when working with sodium chloride, against 
what, at its worst, is capable of being a source of serious experimental 
errors. 

SUMMARY 


1. Of five commercial brands of C.P. sodium chloride that have 
been studied, one is apparently always harmless and two always de- 
structive to the erythrocytes of certain teleost fishes; one and perhaps 
both of the others are intermediate and somewhat more variable in 
their properties. 

2. There is indirect evidence that the destructive effect of the toxic 
brands is due to the presence of an impurity of some sort, which has, 
however, not been identified. It is not removed by a single recrystal- 
lization of the salt. 

3. Similar though much less striking differences have been found in 
the physiological action of the brands of sodium chloride in question 
upon newly-hatched Fundulus and less certainly upon the eggs of 
Arbacia. No constant differences have been noted in the case of 
mammalian erythrocytes or in that of the cilia of Mytilus. 

4. It is suggested that in all physiological work in which sodium 
chloride is used particular attention should be given to the possibility 
of errors resulting from the presence in the salt of unknown toxic 
impurities. 
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SPECIFIC INFLUENCE OF THE HOST ON THE LIGHT 
RESPONSES OF PARASITIC WATER MITES 


JOHN H. WELSH 


THe ZooLocicAL LABorATory, HARVARD UNIVERSITY 


The common fresh-water mite Unionicola ypsilophorus var. halde- 
mani (Piers), which lives as a parasite between the gills of the mussel 
Anodonta cataracta Say, exhibits interesting modifications in its behavior 
to light associated with its parasitic life. Mites which are removed 
from the influence of material from the host show a positive response 
to light, but when a small amount of water from the mantle cavity or an 
extract of gills of the host is added to water containing the mites there 
is an immediate and striking reversai to a negative state. A negative 
response to light is necessary to keep the parasites within the host and 
it was suggested (Welsh, 1930) that this reversal in light response 
might be considered adaptive and secondarily acquired. An attempt 
was made to determine the nature of the substance which causes the 
reversal and it was concluded that certain proteins or decomposition 
products of proteins were responsible for the reversal, which perhaps 
is something of the nature of a conditioned response with olfactory or 
taste organs being involved in the conditioning. In order to test this 
idea, in part, it was necessary to determine whether or not material 
from the host was specific in causing the reversal in the light responses 
of the mite. The present paper is concerned with the results of this 
investigation. 

The majority of tests were made on the mites from Anodonta. 
although two other species from other fresh-water mussels were also 
tested. The experiment was simple and consisted merely in comparing 
the effect of water from the mantle cavity or a water extract of the 
gills of several different fresh-water mussels on the behavior to light 
of mites from a given host. Tests on the mites from Anodonta were 
made with material from the following fresh-water bivalves. 


Lampsilis radiata (Gmelin) } Houghton’s Pond 
Elliptio complanatus (Dillwyn) f Blue Hill, Mass. 


Sphaerium sulcatum Belmont, Mass. 
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Cyclonais tuberculata (Raf.) 


Eurynia iris (Lea) Huron River, 


Ligumia fasciola (Raf.) Delhi, Mich. 
Elliptio dilatatus (Raf.) ] 


The tests were made under constant conditions of temperature and 
intensity of illumination, as it was found that both of these factors 
influenced the behavior of the mites. In a typical experiment six mites 
were placed in each of two small rectangular glass dishes 8 cm. long, 
2 cm. wide, and 2 cm. high. The mites had previously been washed 
in several changes of water in order to remove any host material and 
had been free from the influence of the host for at least a day. The 
small jars containing the mites were placed in a large water bath where 
the temperature was maintained at approximately 18° C. The source 
of illumination was a 6 volt, 18 ampere ribbon filament lamp at a 
distance of thirty centimeters from the end of the tank. A glass 
window permitted the light to enter the tank, where it passed through 
twenty centimeters of water before it reached the jars containing the 
mites. The mites were always kept in 5 cc. of water and the gill 
extract prepared by grinding the gills in distilled water and then filter- 
ing, or the water from the mantle cavity, was added in 1 cc. quantities 
at the end of the jar towards the light. Whenever a reversal occurred 
the mites moved out of the region of extract faster than the diffusion 
took place. 

Following is the record of a typical experiment: 

April 22. Placed six mites in each of two jars A and B. All positive 

to light. 

3:40. Added 1 cc. of extract of gills of Cyclonais to A. One mite 
stimulated in some way, and temporarily indifferent to light. 
returned in 30 seconds to light end of jar. 

Added 1 cc. of extract of gills of Anodonta to jar B. Five 
mites immediately negative, one mite unaffected temporarily by 
extract. 

All mites in A positive. All mites in B negative. 

No change. 

Removed and washed both lots of mites and returned to same 
jars in fresh water. 

Added 1 cc. of extract of Anodonta gills to jar A. All mites 
immediately and actively negative. 

Added 1 cc. of extract of Cyclonais gills to jar B. No indica- 
tion of a response, all mites remaining positive. 

This experiment was typical of all the tests made on the mites from 
Anodonta with material from each of the seven other species of mus- 
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sels used. Gill extract or water from the mantle cavity of Anodonta 
only, was effective in bringing about a reversal in the light response of 
Unionicola from Anodonta. 

Two other species of Unionicola were found, Unionicola fossulata 
(Koen) from Cyclonais tuberculata, and an undetermined species from 
Lampsilis radiata. Both species of mites were tested with material 
from their hosts as compared with extract from Anodonta. They both 
showed negative reactions to the same light intensity used in the tests 
on the mites from Anodonta but were found to be positive to a low 
light intensity obtained by using a neutral tint filter transmitting 0.i 
per cent of the light used in the previous tests. A reversal in their 
light response could be brought about by material from their own host 
but not by material from Anodonta. 

These results indicate that the material present in the host which 
causes a reversal in the light responses of parasitic water mites is 
specific for a particular host-parasite combination. It is possible that 
certain water mites have more than one host, as do certain parasitic 
copepods, in which case one would not expect to find the same specific 
influence of host on parasite. However, the majority of parasites are 
always found associated with a particular species as host and the 
results of these tests help to explain why this is true. A long con- 
tinued parasitic or commensal life tends to modify an animal struc- 
turally and at the same time to modify the behavior of the animal and, 
as was pointed out in an earlier paper (Welsh, 1930), these mites 
which are found in Anodonta were probably primitively positive to 
light and the negative response has been acquired only after a long 
period of life within a particular species of mussel. The constant 
influence of some material from the host which stimulates the mites 
either through their olfactory or gustatory organs keeps them in a 
negative state as regards their behavior to light of a given intensity, 
but their removal from this influence causes a reversion to the primitive 
state. 

The evidence thus far indicates a specific response on the part of 
fresh-water mites to some material from their host, and it is expected 
that similar associations exist in other host-parasite combinations. A 
study of these associations should reveal interesting modifications in 
behavior and yield further information regarding the intimate physio- 
logical relationships existing between closely associated animals. 
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IS OSMOTIC HEMOLYSIS AN ALL-OR-NONE 
PHENOMENON? 


ARTHUR K. PARPART 


(From the Department of Physiology, University of Pennsylvania) 


I 


There are at present two opposed views concerning the relation be- 
tween the disappearance of the erythrocyte and the amount of hemo- 
globin which it liberates during osmotic hemolysis. Some investigators 
(Ruzynyak, S., 1911; von Lieberman and von Fenyvessy, 1912; and 
J. Baron, 1928) believe that the disappearance is a gradual process 
resulting from a slow escape of hemoglobin, and hence that swollen 
though visible cells may have lost considerable quantities of this sub- 
stance. Baron, for example, has reported that hemolysis induced by 
hypotonic salt solution may lead, as in one experiment which he cites, 
to the disappearance of 17 per cent of the cells while at the same time 
the amount of hemoglobin recovered in the surrounding solution is as 
high as 42 per cent. The conclusion is drawn that even visible cells 
must have lost a part of their hemoglobin. Baron and others have 
designated hemolytic processes of this type as “ partial.” 

Another group of investigators (Dienes, L., 1911; H. Handovsky, 
1912; S. C. Brooks, 1918; and G. Saslow, 1928-29) hold that the 
erythrocyte disappears with great rapidity at the time of hemolysis. 
Brooks, ,;who worked chiefly with hemolysis by ultra-violet radiation, 
has summarized this concept in the following way: “ When hemoglobin 
finally begins to diffuse from a given erythrocyte, the process is so 
quickly completed that it may ordinarily be regarded as instantaneous.” 
According to this view the process is of the type customarily termed 
“all-or-none.” A parallel situation is believed by many workers to be 
found in osmotic hemolysis. It is held by such workers that the cell 
subjected to osmotic changes which result in swelling, does not begin 
to lose its hemoglobin until it has attained a fairly definite volume, 
termed the “ hemolytic volume,” at which time a rapid outward diffu- 
sion of hemoglobin occurs to a point of equilibrium with the surround- 
ing fluid. 

The apparent “ hemolytic volume ” is believed to differ for different 
erythrocytes, even in blood from the same individual, hence the well- 
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known range of resistance always encountered in experiments on os- 
motic hemolysis. In general, according to the second view that hemoly- 
sis is an all-or-none process, it ought to be possible to find a solution of 
such a concentration as to cause, in a given sample of blood, a complete 
loss of hemoglobin from all the cells whose resistance falls below a 
certain value, without any loss from the cells of higher resistance. Ac- 
cording to the first view, however, that partial hemolysis is a phenome- 
non of common occurrence, such a sharp separation should not be 
possible. 

The difference between these two views is of more than theoretical 
interest. If the first one is correct then little significance can be at- 
tached to the term “ percentage hemolysis,” and standards such as those 
used, for example, by Jacobs (1930), while reproducible and therefore 
of practical value, correspond to nothing encountered in actual experi- 
ments. If, on the other hand, hemolysis is actually an all-or-none phe- 
nomenon, then such standards represent not merely the apparent but 
also the true percentage of hemolysis, with a consequent gain in the 
significance of the results obtained. 

The study of the relation between the disappearance of the cell and 
the liberation of hemoglobin involves measurements of two sorts: first, 
a count of the number of cells in the sample of blood employed, and 
second, a determination of the total hemoglobin content of the cells fol- 
lowed by an estimation after hemolysis has occurred of the number of 
cells undestroyed and of the hemoglobin content either of these cells 
or of the supernatant fluid, or preferably of both. An obvious point, 
which has been neglected by previous workers in securing ideal condi- 
tions for the outward diffusion of hemoglobin, is the use of a large 
volume of surrounding solution relative to the total volume of the cells, 
so that a true diffusion equilibrium would permit the escape of almost 
all of the hemoglobin that is free to leave the affected cells. 

Under conditions where the outward passage of hemoglobin is not 
limited by an insufficient external volume, a comparison of the number 
of cells destroyed and the amount of hemoglobin liberated might con- 
ceivably lead to any one of three following results: (1) The amount 
of hemoglobin in the surrounding solution corresponds exactly to that 
contained in the cells that have disappeared. The process is therefore 
“ all-or-none” in character. (2) The amount of hemoglobin in the 
surrounding solution is greater than that contained in the cells that have 
disappeared. This would suggest a “ partial” process, at least in the 
case of some of the cells. (3) The amount of hemoglobin in the sur- 
rounding fluid is less than that contained in the cells that have disap- 
peared. Such a condition would indicate a slight retention of hemo- 
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globin by invisible cells. All of these possibilities are illustrated in 
Table I by data selected from the previous literature or obtained in the 
course of this investigation. 

Strictly speaking, the 


‘ 


“retention” type must always be present to 
some extent when hemolysis occurs in finite volumes of solution since a 
diffusion process can do no more than bring about an equality of distri- 
bution of hemoglobin between the cells and their surroundings. In 
previous work, where the whole blood was introduced into the hemolytic 
solution in the volume ratios of 1 to 1 to 1 to 5 (Baron, J., 1928; G. 
Saslow, 1928-29) this retention must of necessity have been great. In 
the present work, however, this effect has been minimized by employing 
a ratio of 1 to 2,000, thus providing an opportunity for an almost com- 
plete outward diffusion of the hemoglobin. 


TABLE [| 


Summary of the Possible Types of Osmotic Hemolysis 





} . 

| | Maximum 
Hemolysis in Observer | Error of 
Method 


Cells P 
Disap- Hemoglobin 


peared Appeared 





| per cent per cent | | per cent 
sO | | Dilute plasma | Saslow 7 
“all-or-none’ mo NaCl, glycerol, author | 4 
ethylene glycol 
(2) 17 Dilute plasma | Baron | 
“ partial” 
(3) Glycerol author | 
retention | (early stages) 














It should be noted further that a process of type (3) might be ex- 
pected to occur as a temporary stage in the attainment of end results of 
type (1). Whether or not it would be observed would depend on the 
rapidity of the process and upon the conditions governing the visibility 
of the cells. Theoretically also a combination of types (2) and (3) 
might conceivably at times simulate type (1). That such a combination 
of effects would occur so exactly and consistently in an extended series 
of experiments as to lead to erroneous conclusions is, however, ex- 
tremely unlikely. 

In the present investigation it has been found that the condition de- 
scribed as type (1) is always present when the hemolytic system has 
attained a final equilibrium. In certain cases, for example, during the 
course of hemolysis produced by glycerol solutions, a temporary reten- 
tion of some hemoglobin is exhibited during the early stages of the 
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process; but at final equilibrium the relation is the same as before, 
namely, “all-or-none.” No evidence whatever has been found under 
the conditions of these experiments of the escape of hemoglobin from 
visible cells; that is, of “ partial hemolysis” of individual erythrocytes. 


II 


To determine accurately the relation between the number of erythro- 
cytes that disappear and the amount of hemoglobin liberated in a given 
hemolytic system it is necessary that a great number of careful cell 
counts be made. In the present work these counts were made with the 
usual counting chamber, the areas customarily used for white cells be- 
ing employed, and at least 10 of these areas of 1.0 sq. mm. each being 
counted. This procedure involved a count of from 1,500 to 2,000 cells 
for each solution. By counting a large number of unit areas (160) and 
also a large number of cells the accuracy of the cell count was increased 
so that the maximum error was 2 per cent as determined by the method 
of Student (1907). The use of dilute cell suspensions (1 to 2,000) 
eliminated the difficulties encountered by previous workers owing to the 
presence of so-called “ ghost” cells. This point will be considered in 
detail later, and has been touched upon here solely to stress the fact 
that at no time during the course of these experiments did the difficulty 
which previous investigators (Baron; Saslow) found in distinguishing 
between “ stromata” and intact cells arise. 

The method of hemoglobin estimation employed in all of these ex- 
periments wss a new one particularly well adapted to this purpose. It 
was worked out in conjunction with Dr. W. R. Amberson and Dr. D. R. 
Stewart, and will be described in detail elsewhere (1931). The princi- 
ple involved in the method is that of the optical pyrometer, and its most 
valuable features are the high sensitivity and accuracy that can be ob- 
tained. The sensitivity proved to be entirely adequate to deal with the 
minute amounts of hemoglobin that the use of very dilute cell suspen- 
sions necessitated. Thus, in experiments in which whole blood was 
mixed with distilled water in the proportion of 1 to 2,000 it was found 
that between this concentration and zero concentration of hemoglobin a 
series of at least one hundred readings could be obtained by the pyrome- 
ter. This represents a maximum error in the hemoglobin readings even 
at these unusually low concentrations of 1 per cent. The term “ per- 
centage of hemoglobin” is everywhere used in this paper to designate 
the amount of hemoglobin in the surrounding fluid of a given hemolytic 
solution relative to that contained in the total number of cells employed. 

It is known that whole blood on standing even for a short period of 
time (2 to 3 hours) and at a low temperature (3° to 5° C.) often under- 
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goes a slight degree of hemolysis which may range between 0 and 4 per 
cent. The amount of hemoglobin in the plasma introduced with the 
whole blood into the hemolytic solutions, as well as other pigments that 
may be present, must, therefore, be corrected for in the hemoglobin 
determinations. This has been accomplished by diluting whole blood 
in the proportions of 1 to 2,000 in isotonic saline and then rapidly (10 
minutes) centrifuging the cells out. A pyrometer reading on the 
supernatant fluid gives the error due to the hemoglobin and other pig- 
ments in the plasma. This correction for plasma error has been applied 
in all the experiments here recorded. 

The dilution steps involved in the hemoglobin determination, the 
preparation of the cell suspensions and the ceil counts were found to 
have an error of not more than 1 per cent. Since the cell counts in- 
volved an error of approximately 2 per cent and the hemoglobin deter- 
minations of not more than 1 per cent, the total maximum error in com- 
parison of the disappearance of cells and of the appearance of hemo- 
globin in the solution was of the order of magnitude of 4 per cent. It 
will be noted that in Table II and in Figs. 1 and 2 the agreement is well 
within this figure. 

Tase I] 


Data Illustrative of the Accuracy of the Method 











B. Percentage of hemoglobin in cells re- 
maining | 99 
| | 


98 [103 [100 |101 |101] 98 | 99 


A+B loz | 99/101 


Table II also gives another very important check on the accuracy of 
the method in demonstrating that the hemoglobin which was recoverable 
from the visible cells plus the hemoglobin in the supernatant fluid is 
equivalent, within the experimental error, to that contained in the 
original number of cells. There is no evidence that this very necessary 
test has been made by previous workers and it is apparently to its omis- 
sion that much of the confusion in the literature is attributable. 

A point of particular importance in obtaining the results here re- 
corded is strict attention to the influence of the factors discussed by 
Jacobs and Parpart (1931), of which temperature, pH and the attain- 
ment of a final equilibrium are the most important. A recent worker 
(Saslow, G., 1928-29) states that “ Most of the experiments performed 
were failures because of the difficulties above enumerated: lack of con- 
trol of degree of hemolysis and unsatisfactoriness of the cell count.” 
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Only in three instances was he able to secure a suitable degree of hemol- 
ysis, and this unfortunately fell within the narrow range of from 40 to 
60 per cent. In the present work, by a careful control of the factors 
influencing the degree of hemolysis, namely temperature, pH and the 
attainment of equilibrium, and by the use of dilute cell suspensions, thus 
allowing a practically complete outward diffusion of hemoglobin from 
the affected cells which removes the necessity for determining “ ghosts,” 
it has been found possible to obtain very readily any desired degree of 
hemolysis. This may be observed in Fig. 1, where the entire range 
from zero to 100 per cent has been covered with gaps of no more than 
5 per cent. 


III 


Osmotic hemolysis has been used throughout this work. The ex- 
periments performed fall into two classes. Those belonging to the first 
class involved the use of a non-penetrating substance, sodium chloride, 
in hypotonic solutions of concentrations so chosen as to bring about a 
disappearance of some but not all of the erythrocytes present in the 
suspension. By varying the concentration in small steps it was pos- 
sible to cover the entire range from zero to 100 per cent hemolysis. 
After the hemolytic system had reached its final equilibrium condition 
or after hemolysis had been checked in the manner described below, a 
comparison was made between the number of cells that had disappeared 
and the amount of hemoglobin that had been liberated. In the second 
group of experiments hemolysis was allowed to occur in solutions, orig- 
inally isosmotic with blood, of the penetrating substance glycerol and, in 
a few cases, ethylene glycol. The hemolysis produced by the pene- 
trating substances was checked at various points by the addition of 
sodium chloride in the proper amount and comparisons were made as 
beiore between the liberation of hemoglobin and the disappearance of 
cells. Because of their greater simplicity, the experiments involving 
solely the entrance of water into the cells will be described first, and 
those involving the penetration of the solute as well will be dealt with 
in the following section. 

As has already been mentioned, the factors of temperature and pH 
must be so regulated that their effect on the degree of hemolysis attained 
isa constant one. The temperature of the hemolytic solutions employed 
in these experiments was maintained at 20° -- 0.1° C. by means of a 
water bath. The pH of the hypotonic solutions was controlled by the 
addition of a small amount of phosphate buffer. All solutions were 
prepared from a stock solution consisting of 14 parts of molar NaCl 
and 1 part of molar Na,HPO,, brought to a pH of 7.0 by the addition 
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of a trace of concentrated HCl. Upon dilution of this stock solution to 
concentrations between 0.5M and 0.05M, the pH of the resulting solu- 
tions was 7.40 within the limits of accuracy of the quinhydrone electrode 
(+ 0.02). Since the pH of the blood used is originally not far from 
this point, the comparatively slight buffering of the solution is sufficient 
for all practical purposes. 


In the experiments involving the simplest type of osmotic hemolysis 


the procedure was as follows: To 50 cc. amounts of various hypotonic 
salt solutions, usually differing from one another by 0.001M, 25 cu. mm. 
of whole blood, defibrinated by whipping, was added from a calibrated 
hemoglobin pipette after the solutions had been brought to a temperature 
of 20° C. + 0.1°, ina water bath. Following the addition of blood they 
were gently and continuously stirred, at the temperature stated, for a 


Taste III 


Data on the Blood of One Animal (Ox) Illustrating the Applicability of the 
All-or-none Concept at Equilibrium 


| | 
Concentration of A. Cells | B. Hemoglobin 
NaCl + NasHPO,« | Disappeared | Appeared * 





Mil | per cent per cent 
0.154 0 0 
0.115 | 3 | 3 
0.110 9 12 
0.100 22 23 
0.095 | 27 30 
0.090 64 | 62 
0.085 79 77 
0.080 92 95 


* After correction for the plasma error. 


period of one hour, which is more than sufficient for the attainment of 
equilibrium (Jacobs and Parpart, 1931). A small portion of the solu- 
tion was then removed for the cell count, while the rest was centrifuged 
at 2,000 r.p.m. for 15 minutes and the supernatant fluid siphoned off for 
the hemoglobin estimation. The time allowed for centrifuging was 
shown to be sufficient by two procedures, namely, by microscopic exam- 
ination of the supernatant fluid which revealed the presence of no cells, 
and by measurement with the optical pyrometer which gave the same 
transmission values for the fluid whether it had been centrifuged for 10 
minutes or for one hour. 

Table III presents the results obtained in a typical experiment of 
this sort with ox blood. The concentrations indicated represent dilu- 
tions of the original stock solution containing both NaCl and Na,HPO, 
whose concentration was somewhat arbitrarily taken as unity. Though 
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osmotically the concentrations given are not exactly equivalent to sim- 
ilar ones of pure NaCl, the differences are very small and the solutions 
are entirely reproducible. The values given in column A represent the 
difference between the total number of cells employed and the number 
of cells remaining when the hemolytic system was at equilibrium, and 
are expressed on a percentage basis. Column B gives the percentage of 
hemoglobin in the surrounding solution, which was determined after 
correction for plasma error as previously described. 

Inspection »f Table III shows that the hemoglobin which appears in 
the supernat _— solution corresponds, within the limits of experimental 
error, almost exactly with that originally contained in the cells that 
have disappeared. There is no evidence, therefore, at the end of the 
time in question (1 hour) of any appreciable retention of hemoglobin 
nor of partial hemolysis of cells still visible. The process under these 
conditions appears to be strictly “ all-or-none ” in character. 
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Fic. 1. The liberation of hemoglobin from ox erythrocytes in hypotonic NaCl 
solutions under equilibrium conditions. 


More extensive corroborative data are shown in Fig. 1, where the 
results of 50 experiments in which the blood of 12 animals was used are 
plotted. The solid diagonal line represents the condition that should 
obtain if the hemolytic process, at equilibrium, is all-or-none in char- 
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acter. The experimental points scatter about this line within the error 
of the method; that is, with a maximum deviation of 4 per cent and an 
average deviation of 1.7 per cent. Since it is inconceivable that in such 
a large number of experiments as exact an agreement as this could be 
obtained by a fortuitous combination of retention of hemoglobin and 
of partial hemolysis, the conclusion seems inescapable that an all-or- 
none process is being dealt with. 

The results and conclusions summarized in Tables II and III and 
in Fig. 1 were obtained with ox blood, while the conflicting data of 
Baron (1928) and Saslow (1928-29) were based upon experiments on 
human blood. Since there is a marked difference in the osmotic re- 
sistance of human blood and of ox blood it seemed advisable to perform 
a number of similar experiments on the former type of blood. These 
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Fic. 2. The liberation of hemoglobin from human erythrocytes in hypotonic 
NaCl under equilibrium conditions. 


experiments are represented in Fig. 2, in which the diagonal line has 
the same significance as before. It will be noted from this figure that 
the evidence of an all-or-none relationship is as unmistakable in the 
case of human as in that of ox blood. 

In all of the experiments so far described hemolysis has been al- 
lowed to go to complete equilibrium. The question arises whether there 
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is a similar agreement between the hemoglobin that has escaped and the 
number of cells that have disappeared at times before the final equilib- 
rium of the system has been attained. Stated in a more concrete man- 
ner, if in a given hemolytic system the concentration is such that the 
final equilibrium will involve the destruction of, for example, 75 per 
cent of the cells present, will the all-or-none concept hold when only 
25 per cent of the cells have undergone hemolysis ? 

To answer this question, the rate of hemolysis of ox blood in hypo- 
tonic salt solutions in which at equilibrium there remained some per- 
centage of ie cells unhemolyzed, was first followed by the method of 
Jacobs (1930), and in this way it was determined at what time after 
setting up a given experiment any desired degree of apparent hemolysis 
had been attained. It was then possible to repeat the experiment and 
to stop the hemolysis at the chosen point and to make comparisons as 
before. In a number of experiments of this type 25 cu. mm. of whole 
blood of the ox was added to 25 cc. amounts of hypotonic saline solu- 
tions whose hemolysis-time curves had been determined as above. At 
the end of a definite time (15 seconds to 2 minutes) 25 cc. of salt 
solution of a concentration to make the whole isotonic (0.154M) was 
suddenly mixed with the hemolyzing solution, thus stopping hemolysis. 
As before, the temperature was kept at 20° C. and the pH at 7.4. Cell 
counts were then made on a portion of the solution in which hemolysis 
had been stopped, while the remainder was centrifuged and the super- 
natant fluid used for the hemoglobin estimations in the usual manner. 
A series of these determinations led to the results recorded in Table IV. 

It is evident from this table that the agreement between the per- 
centage of the cells that have disappeared and the hemoglobin that has 
been liberated is as good as it was in the cases where the final equilibrium 
had been reached. The all-or-none concept, therefore, is not limited 
merely to the end-stage of osmotic hemolysis of this type but probably 
applies throughout the entire process. The conclusion would seem to 
be warranted that in studies on the kinetics of osmotic hemolysis the 
cell may be assumed to liberate all of its hemoglobin at the time of its 
disappearance. 


IV 


Osmotic hemolysis in solutions of penetrating substances is a some- 
what more complicated process than that so far described since the rate 
of entrance into the cell of the solute as well as that of water is involved. 
Since previous workers have apparently not studied the nature of the 
hemolytic processes induced by these substances, it appeared of interest 
to determine whether they might also be associated with an all-or-none 
type of hemolysis. The substance chiefly studied, namely glycerol, 
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was chosen not only because it is relatively non-toxic, but because its 
rate of penetration into the erythrocyte of the ox is sufficiently slow so 
that the hemolytic process can be stopped at any desired point by the 
addition of salt in proper concentration. A typical experiment may now 
be described. 


TABLE IV 


Effect of Stopping Hemolysis Before the Attainment of Equilibrium 








Concentration of A. Cells B. Hemoglobin 
NaCl + NasHPO« Disappeared Appeared 





Mil per cent per cent 
0.090 71 
0.090 31 
0.090 36 
0.090 37 


0.088 
0.088 
0.088 
0.088 





0.085 
0.085 
0.085 
0.085 


0.082 
0.082 
0.082 
0.082 


oo 





w 








wmuus 
oo OO 





Whole defibrinated blood of an ox was introduced into an isosmotic 
solution of glycerol, in the proportion of 25 cu. mm. of blood to 25 cc. 
of 0.3M glycerol. The solution was gently stirred and kept at a tem- 
perature of 20° C. and the rate at which hemolysis proceeded determined 
by the method of Jacobs (1930). Until about 35 minutes after setting 
up such a system, no hemolysis was found to occur; between 35 and 
55 minutes the process proceeded fairly rapidly from 0 to 100 per cent. 
It was then a simple matter in subsequent experiments to stop the 
hemolysis at any desired point between these two time intervals by the 
addition to 25 cc. of the suspension undergoing hemolysis of 25 cc. of 
a solution at pH 7.4 containing 0.308M NaCl -+ Na,HPO, and 0.3M 
glycerol. After the addition of this solution the whole was equilibrated 
at 20° C. with stirring for a period of one hour, at which time cell counts 
and estimations of the hemoglobin liberated were made in the manner 
described in the previous section. 
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Blood samples from five animals were tested in this manner and the 
results are summarized in Fig. 3. In this figure, as in the two previous 
ones, the diagonal line represents the theoretical result that should ob- 
tain if the process is all-or-none. It will be observed that in this case 
the experimental points in these determinations scatter on one side of 


Lelie 


Percentage of Cells Disappeared 





20 40 60 80 
Percentage of Hemoglobin Appeared 


Fic. 3. The liberation of hemoglobin from ox erythrocytes during the early 
stages of hemolysis by glycerol. 


this line in the direction of an hemolytic process exhibiting a retention 
of hemoglobin. The deviations, which amount to 5 to 12 per cent, are 
too great to be accounted for by experimental errors alone. 

Two possible explanations of these results suggest themselves. The 
first is that the penetration of the glycerol might so alter the refractive 
index of a number of the more swollen cells that they do not appear in 
the count though they still retain all or a part of their hemoglobin. The 
second is that the hemolytic system may not have attained its final 
equilibrium at the time the observations were made. 

As a test of the former possibility the following experiment was 
performed. Whole blood of the ox was pipetted into a hypotonic saline 
solution that would induce a slight degree of hemolysis, in the propor- 
tion of 25 cu. mm. of blood in 50 cc. of salt solution at pH 7.4. These 
solutions were equilibrated for one hour with gentle stirring, at 20° C. 
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At the end of the equilibration period 25 cc. was removed for cell count 
and hemoglobin estimation. To the remaining portion was added an 
equal volume of a solution containing the same concentration of salt 
plus 0.6M glycerol. Thus the salt concentration remained unchanged, 
while the solution became isosmotic with respect to glycerol. This lat- 
ter solution was equilibrated for one hour in the same way, at which 
time cell counts and hemoglobin determinations were again performed. 
Due allowance was made for the one-half dilution necessitated by the 
procedure. The results of several such experiments are presented in 
Table V. 
TABLE V 


Effect of Glycerol on the Refractive Index of the Erythrocyte 





Before the Addition of Glycerol After the Addition of Glycerol 


A. Cells B. Hemoglobin i A. Cells B. Hemoglobin 
Disappeared Appeared , Disappeared Appeared 


per cent per cent per cent per cent 
35 32 —3 40 
31 29 —2 32 
28 29 +1 33 
50 51 +1 52 


Had the glycerol in any way affected the refractive index of the 
corpuscles, then the data obtained after the addition of glycerol should 
have departed from the all-or-none relationship by an amount com- 
parable to that observed in Fig. 3. As no such shift was observed, it 
may be concluded that glycerol does not appreciably alter the refractive 
index of the erythrocytes. The explanation, therefore, of the discrep- 
ancy between the hemoglobin liberated and the cells disappeared in a 
hemolytic system of the glycerol type would appear to lie along the lines 
of the second suggestion, namely the time required for the attainment 
of equilibrium. 

To test this point, whole blood of the ox was equilibrated for one 
and for four hours, respectively, in hypotonic saline solutions containing 
varying concentrations of glycerol between 0.03M and 0.3M. As be- 
fore, 25 cu. mm. of blood was added to 50 cc. of each solution. To 
make the experimental conditions comparable, half of the solution was 
removed for the determinations at the end of one hour, the rest being 
equilibrated in the customary way for an additional period of three 
hours. The concentrations of salt and of glycerol used are shown in 


Table VI. 
Examination of this table shows that in the absence of glycerol, as 
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in previous experiments, the hemoglobin ‘iberated at the end of either 
one or four hours agrees within the experimental error with that in the 
cells which have disappeared. In the presence of glycerol, however, at 
the end of one hour there is an apparent retention of hemoglobin similar 
to that indicated in Fig. 3, whereas this had completely disappeared by 
the end of four hours. In brief, it would appear that at the final equi- 
librium the conditions are the same as before, hut that the final equilib- 
rium is longer in being attained. 


TABLE VI 


Production by Glycerol of an All-or-none Type of Hemolysis, at Equilibrium 


After 1 Hour After 4 Hours 


. : A. Per- B. Per- A. Per- B. Per- 
‘ Solution centage centage centage centage 
of Cells of Hemo- f of Cells of Hemo- | B-A 
Dis- globin Dis- globin 
appeared | Appeared appeared | Appeared 


90 88 89 88 
0.090 M NaCl + NasHPO, —— a 
90 90 88 89 


Same + 0.03 M glycerol 60 88 87 


Same + 0.10 M glycerol 66 58 93 94 








Same + 0.30 M glycerol 34 28 91 92 


As to the cause of this delay in the escape of hemoglobin, several 
possibilities might be suggested. One of the most plausible is that the 
retention of hemoglobin during the first part of the hemolytic process 
may be due to a blocking of the hypothetical “ pores” by which it is 
frequently assumed to leave the swollen cells, either because of the rela- 
tively large size of the glycerol molecule or because of its adsorption on 
the walls of the pores. In either case, the effect of the glycerol would 
be to decrease the surface area through which hemoglobin may leave 
the cell. The data in Table VI lend confirmation to this view, for not 
only does the presence of a very small amount of glycerol (0.03M) 
markedly slow the rate of disappearance of the cells, but it also causes 
marked temporary retention of hemoglobin. This is true, in spite of 
the fact that the solution of 0.03M glycerol and of 0.09M NaCl is 
osmotically equivalent to a 0.105M solution of NaCl, a concentration 
which of itself rapidly produced about 15 per cent hemolysis. It may 
further be determined from this table that the initial distance of the 


hemolytic system from osmotic equilibrium does not influence the 
34 
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amount of retention. As has already been pointed out, the extent of 
this retention is outside the limits of experimental error of the methods 
here employed. It averages about 8 per cent as compared with a maxi- 
mum experimental error of 4 per cent and, as will be observed in Fig. 3, 
the deviation is consistently in the same direction. 

As contrasted with glycerol, ethylene glycol, a closely related sub- 
stance of lower molecular weight, fails to produce any observable reten- 
tion of hemoglobin even during the early stages of the hemolytic process. 
Its behavior is indicated by the data given in Table VII, which were 


Taste VII 
Hemolysis by Ethylene Glycol 


Concentration of 
NaCl + NasHPOs A. Cells B. Hemoglobin 


in 0.3 M Disappeared Appeared 
Ethylene Glycol 


per cent per cent 
0.085 15 19 
0.085 19 20 


0.080 45 47 
0.080 46 46 


0.078 60 58 
0.078 60 62 


0.075 75 76 
0.075 76 76 


secured by equilibrating for one hour the usual dilution of ox blood in 
0.3M ethylene glycol made up in the salt solutions of the concentration 
indicated in the table. It will be noted that the presence of the ethylene 
glycol affects neither the rapid attainment of equilibrium nor the all-or- 
none character of the hemolysis that the hypotonic solutions alone would 
have exhibited. Except for the lower molecular weight and molecular 
volume there is no obvious reason why this substance should differ so 
markedly from glycerol. 


V 


The results that have been obtained fail entirely to confirm Baron's 
(1929) contention that osmotic hemolysis is a “ partial” process. 
Hemolysis of this type has constantly been found to be an all-or-none 
phenomenon both under equilibrium conditions and while in progress, 
except for the temporary retention of hemoglobin that occurs during 
the early stages produced by a penetrating substance like glycerol. 
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Even in this case, however, the end-point finally attained by the system 
is the same as in that found under the simpler conditions where the 
entrance of water alone is involved. 

It was mentioned previously that Baron’s results were secured by 
the use of 1:1 to 1:6 dilutions of whole blood with water. To make 
cell counts and hemoglobin estimations he added sufficient hypertonic 
salt solution to make the dilute hemolytic solution isotonic. After ob- 
taining cell counts he then centrifuged the solution and made the hemo- 
globin estimation on the supernatant fluid. The futility of such a 
procedure might, however, have been recognized from the results of 
Bayliss (1924-25), or of Adair, Barcroft and Bock (1921) and others. 
These workers have clearly demonstrated that when whole blood is 
diluted with water in proportions such as those mentioned above, the 
corpuscles swell and lose hemoglobin only to a degree that corresponds 
with a diffusion equilibrium between the cells and the external solution. 
If at this point salt is added to make the solution isotonic, the cells 
shrink, thus trapping in them sufficient hemoglobin so that they again 
become visible. Bayliss (1924-25) discussed these conditions as fol- 
lows: ‘‘ Suppose the ghosts had a volume two and one-half times the 
volume of the original corpuscles and contained the same concentration 
of hemoglobin as the surrounding fluid. Then, if on shrinking to their 
normal size they become more or less impermeable to hemoglobin, they 
might contain finally a hemoglobin concentration some two to three 
times that of the external fluid.” 

It would appear, therefore, that Baron, when making his cell counts, 
must have included a number of cells whose visibility had been restored 
after they had previously lost a portion of their hemoglobin. That the 
hemoglobin was not more completely lost was obviously due to the small 
volume of the external solution. Under these experimental conditions 
it is not surprising that no exact correspondence could be obtained be- 
tween the number of cells that had disappeared and the amount of hemo- 
globin in the surrounding medium. As has been mentioned, Saslow 
(1928-29), in his studies on hypotonic saline hemolysis, using the 
method of Baron, obtained data which contradicted those of the latter 
author. The reason for this discrepancy is perhaps furnished by Sas- 
low’s statement that before making the cell count he pipetted off and 
discarded the “ stromata.” The so-called “ stromata” were probably 
cells which had lost their hemoglobin to equilibrium with the surround- 
ing fluid and by discarding them he made his cell count on cells which 
had not lost hemoglobin, and naturally the cell count corresponded with 
the hemoglobin in those cells. If he had determined not only the 
amount of hemoglobin in the cells undestroyed but also that in the sur- 
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rounding fluid it is likely that the two amounts would have totalled con- 
siderably less than 100 per cent. However, this crucial test was not 
made, 

An attempt has been made, by the use of Saslow’s dilution of blood 
with distilled water, to determine the hemoglobin content of the super- 
natant fluid after “ reversion” of the cells by means of sufficient NaCl 
to make the solution isotonic followed by centrifuging at 5,000 r.p.m. 
for one and three hours. A clear supernatant fluid is obtained in this 
way, but further addition of salt to it causes it to become clouded, and 
microscopic examination shows this cloudiness to be due to the re- 
appearance of cells. If this latter cloudy supernatant fluid is allowed 
to stand for some fifteen to thirty minutes it again becomes relatively 
clear and can be made cloudy again by making it still more hypertonic 
with salt. A short time later it again becomes clear. Thus, in the 
method of Saslow, and also in that of Baron, the “ clear” supernatant 
fluid really must contain cells which have approximately the same spe- 
cific gravity and, more important, the same hemoglobin content as the 
surrounding fluid. Because of this circumstance hemoglobin determi- 
nations on the supernatant liquid of very concentrated suspensions, 
whether made directly, as by Baron (1928), or indirectly, as by Saslow 
(1928-29), are unreliable. 

Consideration of these facts leads to the conclusion that only when 
conditions are created such that the volume of the cells at the time of 
hemolysis is relatively small as compared with that of the surrounding 
fluid, can the nature of hemolysis be determined. Dilution of whole 
blood in hypotonic salt solution in the proportion of 1: 2,000 adopted 
in these experiments leads to practically infinite dilution of the hemo- 
globin content of the hemolyzed cells. Under these conditions “ ghost ” 
cells and the phenomenon of “ reversion” introduce no complications 
and it becomes possible to demonstrate that osmotic hemolysis is an 
all-or-none phenomenon, and that the term “ percentage hemolysis ” has 
a real significance. 

SUMMARY 


1. Hemolysis produced by hypotonic sodium chloride is of an all- 
or-none type, that is, hemoglobin either fails to escape from the erythro- 
cyte or does so completely up to the point permitted by the attainment 
of a diffusion equilibrium in the system. 

2. The same all-or-none character is observed when, instcad of 
permitting the hemolytic process to proceed to its original equilibrium 


position, it is stopped at an intermediate point by the addition of sodium 
chloride. 
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3. In hemolysis in solutions of penetrating substances such as 
glycerol and ethylene glycol, the final equilibrium obtained after check- 
ing the process by the addition of sodium chloride likewise indicates an 
all-or-none relationship. 

4. In glycerol solutions the liberation of hemoglobin lags somewhat 
behind the disappearance of the cells and the final equilibrium is rather 
slowly attained. 


I am greatly indebted to Dr. M. H. Jacobs for the suggestion of this 
problem and for his helpful criticism. 
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THE DETERMINATION OF HEMOGLOBIN CONCENTRA- 
TION IN DILUTE SOLUTIONS 


ARTHUR K. PARPART, WILLIAM R. AMBERSON AND 
DOROTHY R. STEWART 


(From the Department of Physiology, University of Pennsylvania) 


I 


Colorimetric methods for hemoglobin determinations have been 
found to have an error which varies between 1 and 5 per cent (Schwent- 
ker, F. F., 1929). The chemical procedures for the quantitative estima- 
tion of hemoglobin, such as the measurement of the iron content (Fow- 
weather, F. S., 1926) and the carbon monoxide capacity (Van Slyke, 
D. D., and A. Hiller, 1928), have a greater accuracy, i.e., .5 to 1 per 
cent. These methods, however, necessitate the use of hemoglobin solu- 
tions of high concentration. 

The investigator desiring to make a large number of hemoglobin 
determinations in a reasonable time, and under circumstances where 
only minute amounts of hemoglobin are available, must have recourse 
to some other method. An optical system suggests itself, but it should 
combine simplicity of operation with a high degree of accuracy. 

The hemoglobin determinations reported in the preceding paper 
(Parpart, 1931) were secured by a inethod which employs the principle 
of the optical pyrometer. The equipment necessary is readily pro- 
curable; the determinations may be made with great rapidity, and the 
intrinsic error of the method is 1 per cent. A striking feature of this 
optical system is its sensitivity for low hemoglobin concentrations. To 
determine the sensitivity we have studied a solution of hemoglobin, 
standardized by the iron content method, kindly furnished by Dr. W. C. 
Stadie, and have found that the apparatus used is capable of detecting 
changes in hemoglobin concentration of the order of 1.2 x 10° mM. 
(M. W.= 68,000) in the range from 1.3 mg. to 0 mg. per 50 cc. of 
solution. In most uses of the method absolute values are not deter- 
mined, since accurate relative values are sufficient. 

The apparatus should also prove useful in quantitative determina- 
tions on the related pigments in both animals and plants, especially 
under circumstances where these pigments are procurable only in small 
amounts. 
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II 


Our application of the pyrometer principle to this problem employs 
an optical system in which the light intensity of a line filament in a 
pyrometer lamp is matched against a diffuse background of fixed in- 
tensity. Hemoglobin solutions of different concentrations are placed 
in a 20 cm. polariscope tube between the two light sources. The ap- 
paratus is similar to that described by Amberson (1922, I). 

A lamp, termed the pyrometer lamp (C), is placed at a distance of 
about 1 foot from another lamp, the background lamp (£). A small 
telescope (B) fixed at its focal distance from the pyrometer lamp, 
makes it possible to view a portion of the filament of this lamp against 
a background of light emitted by the background lamp and rendered 
diffuse by a ground glass plate set in at one end of the polariscope tube. 
Details of this arrangement may be observed in Fig. 1. 


Fic. 1. Diagram of the optical pyrometer as applied to the estimation of 
hemoglobin concentration in dilute solutions. The symbols are explained in the 
text. 


The pyrometer lamp is a small 3-volt bulb with a U-shaped filament 
of tungsten of about 0.2 mm. in diameter; while the background lamp 
is a Mazda bulb rated at 26 volts, 6.6 amperes, 2,500 L. Both lamps 
are run by storage batteries since line circuits fluctuate too much to 
permit adequate control. Frequent observations are made of an am- 
meter (G) in series with the background lamp circuit and its intensity 
is maintained constant by adjustment of a coarse-fine parallel resistance 
(a and b), in series. The current passing through the pyrometer lamp 
is recorded by a milliammeter (G’), and can be varied in steps of about 


0.25 milliampere by a coarse-fine parallel resistance (a’ and b’) in 
series. 
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In these hemoglobin determinations it is not necessary to know the 
relation existing between the intensity of the pyrometer lamp and the 
current passing through it, since all readings are evaluated by reference 
to a calibrated curve made with hemoglobin solutions of known con- 
centration. 

An essential feature in securing high sensitivity is the use of a green 
glass filter (4) which is placed at the eyepiece of the telescope. The 
transmission characteristics of this filter presented in Fig. 2 were ob- 
tained spectrophotometrically through the kindness of Dr. D. L. Drab- 
kin. It will be noticed that the filter has its maximum transmission in 


Transmission 

















650 600 B 550 a 
Wave Length 


Fic. 2. Transmission curve for the green filter. 


the region of maximum absorption by hemoglobin, whether the latter 
is in the oxygenated or reduced condition, or in the form of methemo- 
globin or acid hematin. 

A 20 cm. polariscope tube (D), containing the hemoglobin solution, 
is placed on a rigid stand (F) between the two lamps. The usual plate- 
glass disc covers the end of the tube facing the pyrometer lamp, while 
at the other end there is a glass disc ground on one surface. This latter 
disc serves to diffuse the light from the background filament. Both of 
these discs must always be replaced in their original position as rotation 
will vary their transmission. 

The readings have been taken with the background lamp set and 
stabilized at 4.7 amperes. With the hemoglobin solution in place, the 
amperage of the pyrometer filament is varied until the portion selected 
for observation just disappears, proceeding in every case from dark to 
light. The milliamperage of the pyrometer lamp is recorded and the 
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readings made in triplicate. After a brief amount of practice these 
readings check within 0.5 to 1.0 milliamperes. 


III 


Due allowance must be made for certain variations in the optical 
system and for other possible sources of error, and these will now be 
considered. Slight changes in the brightness of the lamps and varia- 
tions in transmission of the interposed glass surfaces have been observed 
from week to week. These changes have been determined by taking 
readings on distilled water before and after each experiment. Such 
readings taken as much as 24 hours apart have always checked within 
the limits of error of reading and hence the lamps and the transmission 
of the glass may be considered constant for this period. 


04 .10 .25 


Fic. 3. Effect of salt concentration on the transmission of a dilute hemo- 
globin solution (dilution 1 to 4,000). Readings were taken 20 hours after prep- 
aration of the solution. Ordinates represent readings of milliammeter; abscissz, 
concentration of NaCl in mols per liter. 


When very dilute solutions of hemoglobin are employed, a few de- 
tails must be carefully controlled. The dilute hemoglobin solutions are 
obtained by hemolyzing whole blood in distilled water in the proportion 
1 to 2,000. At this dilution it can be shown that the absorption of light 
is influenced by some factor or factors in addition to hemoglobin con- 
centration itself, since the addition of salt increases the transmission. 
Figure 3 shows the relation between salt concentration and transmission 
(measured in milliamperes). The reason for the decreased transmis- 
sion between 0.015M salt and distilled water is uncertain; that the pre- 
cipitation of serum globulins may play a part in it seems possible, but 
as their concentration is very small at such dilutions they probably do 
not account for the entire effect. This factor has been taken into ac- 
count in all determinations by making the hemoglobin solutions up to 
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0.10M NaCl+ Na,HPO, (in the ratio 14 parts NaCl to 1 part 
Na,HPO,) at pH 7.40. All dilutions have been made with a salt 
solution of the same concentration. 

Changes in hydrogen ion concentration have no effect upon the read- 
ing between pH 5.50 and 8.50 (determinations in steps of 0.2 pH units) 
nor does the presence of 1 per cent HCl alter the reading. In a like 
manner oxygenation or reduction has no effect. This might be antici- 
pated from the transmission characteristics of the green filter used. 

The plasma introduced with the whole blood in preparing the dilute 
solutions of hemoglobin constitutes a small but variable source of error. 
This error appears to be partly the result of a slight degree of hemolysis 
which takes place in the whole blood upon standing, though it is kept at 
about 2° C. until used. The error varies between | and 4 per cent, and 
as it is determinable, a correction can be applied. This factor, due to 
pigments in the plasma, may be determined by suspension of whole 
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Fic. 4. Shift with time of the transmission of dilute hemoglobin solutions 
(dilution 1 to 2,000). Ordinates represent readings of milliammeter; abscissz, 
time elapsed since the preparation of the hemoglobin solutions. 


blood in isotonic salt solution in the same dilution as that used to pre- 
pare the hemoglobin solution. The cells are then removed by centri- 
fuging. The supernatant fluid is read by the pyrometer and compared 
with the value for distilled water. 

Another important factor influencing the determination in dilute 
solutions of hemoglobin is the time elapsed since the preparation of the 
solution. Readings were taken on samples of the same solution at a 
series of time intervals after its preparation. In Fig. 4 the results of 
two such experiments are plotted. Between the time of preparation of 
the solution and 4 to 8 hours later the transmission increases, which 
causes an apparent decrease in the hemoglobin concentration; while be- 
tween 10 and 48 hours the reading remains constant. The variation in 
the final equilibrium attained in the case of these two different samples 
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of blood represents a difference of 1 per cent in hemoglobin concentra- 
tion. This change in the readings with time may represent the trans- 
formation of at least a part of the oxyhemoglobin into some other more 
stable form. This shift with time makes it necessary that all readings 
be taken only after the attainment of the final constant transmission 
value. It has therefore been customary to make readings between 18 
and 24 hours after the preparation of the solutions. a 
To determine the accuracy of the method a number of calibration 
curves were made for different blood samples. A series of solutions 
were prepared by dilution of the original 1:2,000 solution. These solu- : 
tions were read by the pyrometer. A calibration curve was then con- 
structed from these values. Care was taken to control the factors of 
salt content, plasma error, the time factor and errors of the optical sys- 
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Fic. 5. Two typical calibration curves. Ordinates represent readings of mil- 
liammeter; abscisse, per cent concentration of hemoglobin, 100 per cent being 
equivalent to a 1 to 2,000 dilution of whole blood (ox). 






tem. Two typical calibration curves are illustrated in Fig. 5. Other 
hemoglobin solutions prepared by appropriate dilution of the original 
1: 2,000 solution were read in the optical pyrometer and their concentra- 
tion determined by reference to the calibration curve for the same blood 
sample. A number of such determinations have amply demonstrated | 
that the maximum error is 1 per cent. (Table I.) 
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Tase | 
Data on the Accuracy of the Method 


* 7 Percentage of Percentage of 
Experiment No. Hemoglobin by Hemoglobin by Percentage Error 
Dilution Pyrometer 


2.5 2.0 —0.5 
5.0 4.6 —0.4 
10.0 10.8 +0.8 
20.0 19.0 —1.0 
25.0 25.0 0 
37.5 38.0 +0.5 
40.0 40.9 +0.9 
50.0 51.0 +1.0 
74.3 —0.7 
80.5 +0.5 


Ce oOnNaAuU Hr wWNe 
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SUMMARY 


The optical pyrometer has been used to determine hemoglobin con- 
centration in dilute solutions with a maximum error of 1 per cent. Ac- 
curate determinations can be made with ease and rapidity. The out- 
standing features of the apparatus are simplicity of construction and a 
high degree of sensitivity. 


Acknowledgment: We wish to thank Dr. D. L. Drabkin for the 
suggestion which led to the investigation of the shift with time in dilute 
hemoglobin solutions. 
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